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FOREWORD

This report was prepared by the Strength and Dynamics
Branch, Metals and Ceramics Division, under Project Number
7351, '"Metallic Materials', Task Number 735106, "Behavior
of Metals'. The research work was conducted in the AF Materials
Laboratory, Research and Technology Division, Wright-Patterson
Air Force Base, Ohio, by Dr. T. Nicholas of AFM.,

This report covers work performed from July 1966 to June
1967,

The manuscript was released by the author June 1967 for
publication as an RID Technical Report.

This technical report has been reviewed and is approved. -

w. J. PP
Chief, Strength and Dynamics Branch
Metals and Ceramics Division

Air Force Materials Laboratory
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ABSTRACT

An attempt has been made to gather under one cover and review
the results of a large number ~f publications pertinert to the field
of ballistic impact from a mechanics viewpoint. The major portion
of the paper is devoted to a suxvey of the response of materials to
dynamic loading. Structural response and other related problems are

also discussed,

This abstract is subject to special export controls and each
transmittal to foreign governments or foreign nztionals may be made
only with prior approval of the Metals and Ceramics Division (MAM),
Air Force Materials Laboratory, Wright-Patterson AFB, Ohio 45433.
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I. INTRODUCTION

The problem of the analysis and design of materials systems
to resist ballistic impact has confronted scicntists and engineers
for many years. During this time a vast quantity of empirical
relation has been accumulated from the results of tests by military
authorities interested in armor, but these arbitrary penetration
laws apply only to the particular impact conditions employed and
generally lack both a logical basis and a physical interpretation.
Today, armor systcms axe given merit ratings based upon their
performance in ballistic impact tests but few attempts have been
made to relate basic materials properties to systems performance.
These highlv empirical tests have not added significantly to an
understanding of the Yundamentals of materials behavior and
processes but serve the scle purpose of discrviminating between the
performance characteristics of various armor systems. It wculd be
desirable, therefore, to approach the ballistic impact problem
from a mechanistic point of view and to attempt an understanding
of materials behavior under impact loading before trying to
analyze the response of complex systems.

When this writer first became interested in the problems of
ballistic impact he was confronted with an enormous amount of
iiterature in many diversified fields. The task of searching the
literature and finding the relevant sources was aided immensely by
the many excellent suarvey articles and reviews dealing with specific
topics which seemed relevant to the problems associated with armor.
However, very little could be found dealing specifically with
armor problems from a mechanistic point of view and it was felt
that a single source should be available to researchers interested
in this problem to save them the lorg and tedious task of searching
the literature to become familiar with the subject and focus upon
the specific problems requiring current attention. The present
report attempts to serve this purpose in anticipation of a
continued and growing interest on the psrt of investigators in this
field in the coming years.

The main purpose of this report is to assemble under one cover
the results of a large cross-section of the research conducted
which is related to the problem of ballistic impact, thus encom-
passing such topics as strain-rate effects in materials, wave
propagation phenomena, shock waves, dynamic fracture, structural
regponsz2 to dynamic loading, and others. The emphasis here is on
an understanding of the mechanics of ballistic impact which in
turn is based on a fundamental knowledge of materials behavior
under dynamic loading which in turn is intimately related to a
study of wave propagation phenomena; much of the information
contained herein could therefore be of interest to those having
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articles which will be listed here for reference. Anmong the

books in the field are the ciassic onest by Goldsmith (1),

which is cne of the most thorough treatments of the broad subject
of impact; Rinebart a=d Pearson ( 2 ) on impulsive loading, and
Kolsky ( 3 ) on stress wave propagation. The book by Koxrnhauser

( 4) is a less technical introduction to some of the concepts
associated with impact phenomena. Many conferences and symposia
have been held during recent years; the technical papers presented
at these meetings by the leading authorities in their respective
fields can be found in the volumes edited by Huffington ( 5 ),
Shewmon and Zackay ( 6 ), ASTM ( 7 ) and the Institute of Mechanical
Engineers ( 8 ) dealing with materials properties under high rates
of Jjouading, by Kolsky and Prager ( 9 ) and Davids ( ' } on <tress
wave propagation, and by the Air Force ( 11 ) on structural dynamics
problems, Among the many review articles in the literature dealing
with more specific subject areas are the ones by Hopkins ( 12 ) and
Kolsky ( 13, 14, 15 ) on theory and experiments in stress wave
propagation; Krafft ( 16 ) on some earlier experimental techniques
for obtaining high strain.rate data; Braslau ( 17 ) on strain-rate
dependence in metals; Craggs ( 18 ) on plastic waves; Duvall ( 19 )
on shock waves, Hunter ( 20 ) and Kolsky ( 21 ) on viscoelastic
waves; Abramson, et ail ( 22 ) on waves in rods and beams and
Hopkius ( 23 ) on spherical wave propagation. The reader is
especially referred to the recent excellent surveys on dynamic
deformations of materials and structures by Cristescu ( 24 ) and
Hopkins ( 25 ) and on impact by Goldsmith ( 26 ). Other general
references will be listed together with the discussions of the
specific topics below,



II. MECHANICAL PROPERTIES OF MATERIALS UNDER DYNAMIC LOADING

A material subjected to stresses through some external loading
or testing apparatus undergoes deformations which are releted
through its mechanical properties or constitutive relations. If
the rate of loading is high erough, the inertia forces in the
testing equipment may become significant, and if it is even higher,
the inertia forces of the specimen itself may become significant;
it is in this latter case that a surface disturbance propagates
through the body as a stress wave, For rapidly applied loads es
are encountered in impact or explosive loading, the mechanical
properties of the material can be deduced only by consideration
of the wave propagation phenomena occurring within the specimen.
However, the analysis of the wave phenomena requires a priori
knowledge of the dynamic mechanic~l properties of the material,
which is what is being songht criginally. It is this diiemma which
makes it difficult to properly interpret experimental data at high
rates of strain and whick has motivated the search for theories of
plastic-elastic and shock wave propagation which are sufficiently
realistic in their physical basis and mathematical assumptivns.

The study of wave propagation thus serves two functions; it
attempts to explain the response of materials to high rates of
loading and more important, serves as a basis for determining
dynamic material properties.

A. Longitudinal waves in bars and rods

A major portion of the experimental work on wave propagation
has dealt with longitudinal waves in wires, rods or strips which
can be readily instrumented to detect strains on the surface and
which can be analyzed relatively simply. The response of
materials in the elastic range to impact loading dates back to the
nineteenth century and the theory cf elastic wave propagation. We
can thus find St. Venant ( 27 ) relating the stress in a bar to
the velocity of an impacting mass in 1868 and John Hopkinson ( 28 )
performing the first experiments in plastic wave propagation in
1872 using an available elastic wave theory to explain stress
pulses propagating in annealed iron wires. It was not before 1930
however that Donnell ( 29 ) studied the effect of a mon-~-linear
stress-strain law on the propagation of stress in a bar. He
considered a material with a bi-linear stress strain relation and
predicted that two distinct wave fronts would propagate through
the material with two different wave speeds. There was subsequenily
little activity in this field until the early 1940's when the first
plausible one-dimensioral finite amplitude plastic wave theory was
developed independently by von Karman ( 30 ) in the United States,
G. I. Taylor ( 31 ) in England, and Rakhmatulin ( 32 ) in Russia.



Rakhma?ulin investigated the additional complications of unloading
waves in a plastic material; an analytic scolution was suhsequently
presented by Skabcev ( 33 ). These theories all assumed that the
behavior of the material ~ould be described by a single-valued
relation hetween stress and strain in uniaxial stress and that

the stress-strain curve was concave towards the strain axis.
Radial displacements and their associated three-dimensional effects
were nejlected. The theories predicted that each level of strain
would propagate at its own characteristic velncity given by v
where S is the slope of the tazngent to the stress strain curve at
each point and |, is the mass density. Von Karman and Taylor
considered the problem of a constant velocity impact at one end of
a specimen and predicted a plateau of constant permanent strain
near the impacted end. The analysis of a wave propagating in a
rod was extended to a material lJaving a concave up stress-strain
curve and the resulting formation of shock fronts was considered
by White and Griffis ( 34 ). They discussed the behavior under
different impact velocities; a similar problem was considered
later by L.e and Tupper ( 35 ). One of the most significant
features of these theories was the assumption of a single~valued
dependence of stress on strain, independent cf strgain-rate, although
none of the theories required explicitly that the stress-strain
curve for wave propagation should necessarily be the static (or
quasi-static) one.

The earliest experimental verification of the Karman-Taylox-
Rakhmatulin or rate-indevendent theory vas undertaken by Duwez and
Clark ( 36 ) who measured the distribution of permanent strain in
copper wires which were impacted by falling weights. They achieved
good correlation between the permanent strain and the velocity of
impact using the static stress-strain curve of copper in the
theoretical calculations and proved, in their experimental study,
the existence of a critical velocity above whkich rupture would
occur in tension impact as predicted by the theory. Careful
examination of the data revealed discrepancies in the measured
strain at the impacted end which were explained by imperfect
reflections of plastic strain and inaccuracies in the measurement
of the duration of impact. On the basis of the expcrimental
evidence they ccncluded, however, '"that the relation between stress
and strain under impact conditions differs essentially from that
under static conditions'.

Karman and Duwez ( 37 ) in 1950 reported on the work they had
performed during World War II and which had been published originally
in classifiod NDRC reports. They presented the orlginal theory and
the results of experiments to verify the rate-independent theory of
plastic wave propagation. Using impact loading with a falling
weight on copper wires and measuxing the permanent strain, they



ycxif‘ed the theory regarding the plateau of constant strain and
1ts relation wita the impact velocity. However, they found that
the distribution of plastic strain deviated considerably from the
theory and concluded that the assumption of a stress-strain curve
independent of the rate of strain was not entirely justifiable.
Campbell ( 38 ) used the plastic wave theory to calculate the
dynamic stress-strain relation for copper under tensile impact
and demonstrated for the first time that a separate stress-strain
curve (not the quasi-static one) could be used in the strain-rate
independent finite amplitude wave theory to explain experimental
observations.

Further doubts about the validity of a rate-independent
theory of plastic wave propagation were cast by the results of
experiments on the propagation of incremental stress pulses on
material prestressed into the plastic region. Although the theory
precicted that a small stress increment should be propagated with
the plastic wave velocity /575 determinzd by the slope of the

tangent to the stress~strain curve at each level of styrain, Rell

( 39 ) observed that an incremental deformation wave always
travelled with the elastic wave velocity in prestressed steel bars.
In an elaborate series of similar experiments with incremental
stress pulses on prestressed copper sirips, Sternglass and Stuart

( 40 ) observed that the velocity of the wave front was always the
elastic velocity and the velocity of any part of the wave was
always greater than that predicted by the von Karman theory. They
concluded that dispersion or broadening of a stress pulse exists
when the material is prestressed into the plastic range and that a
theory which neglects strain-rate effects could not adequately
describe the propagation of plastic strain., Realizing that these
experiments had applied a dynamic stress superimposed on a static
prestress, Alter and Curtis ( 41 ) performed experiments on a lead
bar by applying a dynamic prestress and incremental stress pulse in
the form of two closely spaced impacts. However, even in this
situation the incremental wave travelled with the elastic wave
velocity and it was concluded that a rate-independent theory was
inadequate and that a strain-rate-dependent theory would be necessary
to predict the experimental results.

Realizing some of the apparent inadequacies of a rate-independent
theory, Malvern ( 42, 43 ) proposed a theory of longitudinal plastic
wave propagation for a material in which stress is a function of
both strain and strain rate. He postulated the general form of a
constitutive relation as

E € = 0 + g(o, €)



where dots denote time derivatives and g( ogsre ) is an arbitrary
function to fit the behavior of a particular material. He
carried out calculations for the case when plastic strain rate is
a function of the dynamic overstress, i.e., the excess of the
actual stress over the stress in a static test for the same value
of strain. Mathematically this took the form

9( 0se) = k [o~f(¢e)]}

where f( ¢) is the stress in a static test and g the actual stress.
This formulation implies that a material is brought to a state of
incipient plastic flow after a given amount of elastic strain,
independrnt of the elastic strain rate, but that the plastic flow
requires time in which to beco 2 appreciable so that the additional
strain bevond the static yield strain is mainly elastic. This
would explain the propagation of stress increments at the elastic
wave velocity in a prestressed bar since time is requirzd for
plastic flow to occur. Malvern's calculations did not, however,
predict a regicn of uniform strain near the impacted end of a bar
subjected to constant velocity impact as had been predicted by

von Karman and verified later experimentally. The rate-dependent
theory also predicted an increased maximum strain near the impacted
end which was also in disagreement with the early experimental
findings. Plass ( 44 ) extended the work of Malvern, studying

both a linear and an exponential law for dynamic over-stress based
on results obtained experimentally for copper and pearlitic steel.
He found that the exponential law gave better prediction for larger
plastic strains while for smaller strains the two laws were not
discernible. Both the rate-dependent and the rate-independent
theories were generalized by Lubliner ( 45 } in a theory of plastic
wave propagation formulated on the basis of a general quasi-linear
constitutive equation. He showed that both theories were special
cases of a generalized theory and showed conditions under which

one or the other could be valid.

Ting and Symonds ( 46 ) studied the longitudinal impact of
a viscoplastic rod having a linear relationship between strain-rate
and dynamic over-stress. This analysis was extended ( 47 ) to a
rod whose viscoplastic behavior is described by a power-law relation
between strain rate and dynamic over-stress.

There have been numerous experimental investigations in an
attempt to verify or disprove the rate-dependence of various metals.
Most attention has been confined to aluminum and aluminum alloys,
copper, and several other pure metals. Variocus experimentalists
disagree as to a single theory of mechanical behavior under impact
loading; the existing theories can be broken down roughly into
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three categories: 1) a rate-independert theory using the static

stress-strain curve, 2) a rate-independent theory using a single
dynamic stress-strain curve, and 3) a rate-dependent theory of
the form origirally proposed by Malvern ( 42 ). There is some
disagreement as to whether or not the second formulation can
really be called a rate-independent theory because of the use of
a single gynamic curve which is difterent from the static stress-
strain curve of the material. The rate-independent theory was
formuiated on the basis of a single-~-valued relation between stress
and strain; it was not specified what this relation should be ~vt
whether or not it should be the static curve. This pvint was
emphasized by White and Griffis ( 34 ) and by Bell ( 48 ) who
poiuted out that "nonlinear wave propsgaticn phenomena are
essentially different from qQuasi-static loading, and hence, there
is no particular reason to anticipate a priori what explicit form
the governing stress-strain curve might possess.” For a review
and commentary upon some aspects of the existing state of research
on the topic of mechanical waves and strain-rate effects in metals
see the article by Hopkins ( 49 ).

The fact that different investigations arrive at different
conclusions regarding the dynamic response of materials can only
lead one to qQuestion the validity er the proper interpretation of
nany of the experiments. As has been pointed out earlier, at very
high rates of loading it is difficult to measure the stress-strain
behavior of a material without studying the stress waves which are
necessarily set up, and this in turn requires a wave propagation
theory which in turn depends on a knowledge of the stress-strain
relation. Contrast the findings of tne following experimentalists
investigating plastic wave propagation. Ripperger ( 50 ) measured
the relatively small dynamic strains orn long copper bars impacted
at ore end and found that the strain-rate-dependent theory may
predict the strains if the proper value for the strain-rate
cunsatant is available and if the nature of the input at the end of
the bar is known, At distances greater than five diameters the
rate-independent theory was found suitable while in the vicinity
ot the impacted end neither theory could predicti the strains.

In subsequent experiments, Ripperger ( S1 )} showed that aluwminun,
copper and iron were all strain-rate sensitive in that they are
capable of developing higher stresses than &t c(uiiespunding
strains in a static test. He found that the dymamic yieid stress
increases with strain rate and that a logarithmic relation between
plastic strain rate and dynamic overstress best explained the
results. Malvern ( 52 ) reported the results of longitudinal wave
propagation studies in annealed aluminum bars using two types of
measuling devices (an electromagnetic transducer and strain gages)
and found agreement with a rate-independent theory based on a
single dynamic curve which was slightly higher than the static
curve. He concluded, however, that the rate-dependent theoxy was
not invalidated since tne two theories pradict wirtuallsy the size
thir.g for 2 material with a very slight rate-independent but the
rate-independent theory is easier to apply and theretore preferable

8
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in t?is situation. Bell (53, 54) used an optical diffraction
gfatlng technique ( 55 ) to directly measure surface strains as
high as three percent in constant velocity impact tests on annealed
aluminum bavrs and found the velocity of propagation of each level
of strain to be constant and in very good agreement with the
propagation velocities determined from the slopes of the static
stress-strain curve. He also found the strain levels for various
impact velocities to be those predicted from the static stress-
strain curve at positions more than two diameters from the
impacted end. Deviations within one diameter of the impact end
were attributed to large radial accelerations associated with
rapidly increasing strain and a correspondingly large dilatation
which was observed experimentaliy. More recently, Bell ( 48 ) has
generalized his experimental results and has shown that the finite
amplitude rate-independent wave theory of von Karman, Taylor, and
Rakhmatulin is in close agreement with experiments involving the
symmetrical free flight impact of several completely annealed
metal polycrystal and single crystal rods. He has found that not
only does the finite amplitude wave theory apply to all annealed
metals thus far considered, but also there exists an experimentally
determined generalized constitutive relation in the form of a
linearly temperature-dependent parabolic law which is applicable
to both polycrystal and single crystal. (see Ref. ( 56 )). His
diffraction grating experiments have shown that in general the
governing stress-strain curve for strain-rate-independent finite
amplitude wave propagation is not the quasi-static stress strain
curve of the material. Sperrazza { 57 ) has verified some of
Bell's conclusions in experiments on pure lead bars and found
that a single dynamic stress-strain curve gave consistent results
using the strain-rate independent plastic wave theory. Contrary
conclusions were drawn by Bianchi ( 58 ) who performed tests on the
propagation of longitudinal plastic waves in long prestressed
specimens of annealed copper. He found that the strain-rate-
dependent theory in the linear form, and possibly even more in a
non~linear form, gives a good description of the whole phenomenon
for any value of time, distance from impact end, and static pre-
loading.. He noted, however, that if the impact velocity rose
regularly to a steady state value, the asymptotic behavior was
explainable by the rate-indcpendent theory and furthermore, for
no static preloading, the rate-independent solution approximated
the behavior for any value of time at sections away from the
origin. Recently, Bodner and Clifton (59, 60) investigated
elastic-plastic pulse propagation at distances far from the impacted
end in annealed, commercially pure aluminum bars where small plastic

, strains governed the material behavior. They found that the

“ general features of a rate-independent theory were verified using

a single dynamic stress-strain curve which did not differ appreci-

ably from the quasi-static curve and which exhibited a Bauschinger

effect. These conclusions regarding rate-independence seem to

apply to most, but not all, of the experimental results dealing
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with wave propagation in long bars subjected to axial impacts,
yet, there are other considerations in the proper interpretation
of these experimental results which must be mentioned. Most of
the§e deal with the assumptions made in the theories of longi-
tudinal plastic wave propagation and can be best analyzed by

first considering some parallel developments in the theory of
elasticity.

The theory of wave propagation in solid circular cylindrical
elastic cylinders is one of the few problems in dynamic elasticity
which admits of an exact solution; it is not surprising, therefore,
to find no corresponding solutions for materials with non-linear
stress-strain curves or plastic materials which can suffer
permanent deformations. Because of the complexity of the exact
elasticity sclutions, many attempts have been made to develop
rational approximations. Notable among these is the paper by
Mindlin and Herrmann ( 61 ) in which a theory for wave propagation
in bars was derived in which both radial inertia and radial shear
effects were considered. Comparison with the simple one-
dimensional theory showed significant differences for very short
wave lengths or high frequency ccmponents. Skalak ( 62 ) solved
the problem of an elastic bar impacting a rigid wall at a given
velocity using asympototic methods to get numerical results for
long times. His solution showed a dispersion of the wave front
over an increasing length of the bar as it progressed and a train
of sinusoidal oscillations of the strain about its final value
behind the wave front. Zachmanoglou and Volterra ( 63 ) modified
the one-dimensional theory to include additional terms and
Miklowitz { 64 ) obtained some approximate solutions to longitudinal
impact problems for long times, concluding that the Mindlin-
Herrmann theory gave the best approximation and experimental
agreement between radial and axial strains. Subsequent investi-
gations have attempted approximate, asymptotic or closed form
solutions for various theories attempting to take into account
three dimensional effects and using physical considerations to
determine the likely nature of the motion (65, 66, 67, 68),.

One of the few exact three dimensional solutions in dynamic
elasticity has been obtained by Heimann and Kolsky ( 69 ) for the
propagation of longitudinal elastic waves in thin cylindrical
shells. It would be interesting to see if this solution could be
extended tc the case of a plastic material with subsequent
application to the experimental investigation of plastic pulse
propagation in thin cylindrical shells.

Finally, a study of the relation between surface strains and
average strains was conducted by Graham and Ripperger ( 70 ) in

longitudinal elastic wave propagation. They concluded that
surface strain measurements give a distorted picture for short

10
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wave lengths, the total distortion being dependent upon the
pulse shape, and that nuartz crystals gave more clearly defined
records than strain gagr:s. There is reason to believe that
these qualitative findings would be applicable in the plastic
case as well; it is this reasoning that has motivated some of
the theoretical develcpments in three-dimensional plastic wave
propagation.

Following the id¢a of assuming a reasonable form for the
three-dimensional displacement components, as had been done by
Mindlin and Herrmann for the elastic case, Plass ( 71 ) included
the previously ignored effects of inertia associated with radial
expansion or contraction, and of radial shear associated with
rapid cross-section changes in a theory of plastic wave propagation
in a rod of material exhibiting a strain-rate effect. Lateral
inertia effects in plastic wave propagation were likewise considered
by Papirno and Gerard ( 72 ) and by Tapley and Plass ( 73 ) who
performed experiments on pure copper. The latter considered a
rate-dependent material and showed that the more accurate three
dimensional theory gave lower strains at the impacted end of a
long bar than the elementary theory of Malvern and thus better
experimental correlation. Their work was subsequently extended
by Tapley ( 74 ) to the case of finite length bars.

In a very extensive study of lateral inertia effects,
DeVault ( 75 ) has used numerical procedures to solve the strain-
rate-independent theory of von Karman for a step impulse loading
in the cases with and without lateral inertia effects. He noted
that some of the effects predicted by Malvern's rate dependent
theory are similar to the effects predicted by a rate-independent
theory which includes lateral inertia.

The assumption of a uniaxial stress condition in rods under
impact is somewhat questionabie; investigations have thus been
carried out to examine the three dimensional behavior of impacted
rods, especialiy in the vicinity of the impact. In shock wave
studies in plates, measurements of free surface velocities are
made in central regions of thin plates impacted by other plates
to awid the edge effects in what is essentially a state of
uniaxial strain before edge reflections have arrived. It is
apparent then that the initial fraction of a diameter of a rod
is in a state of uniaxial strain while portions of the rod more
than a few diameters away from the impacted end are closer to a
state of uniaxial stress. The transition region from uniaxial
strain to uniaxial stress in an impacted rod must therefore take
place in the region within the first diameter and must occur
through the growth of large plastic deformations behind the
initial elastic wave front from reflections from the traction
free surface of the rod. In the theory of wave propagation in

11
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non-linear elasticity, Truesdell ( 76 ) has given relations for
the initial dynamic stresses which arise from contributions of

the non-plastic hydrostatic components of uniaxial stress which
occur within one bar diameter of the impacted end. Bell (77, 78, 79)
?as made an extensive study or the development of the plastic wave
in the first diameter of an impacted rod using his diffraction
grating technique and has shown this behavior to be related to
some of the predictions of Truesdell. He has suggested that the
apparent effect of strain rate might be a result of the mechanics
of the development of the initial plastic wave front. Bell and
Suckling ( 80 ) have determined the dynamic over-stress and
initial peak stresses by measuring the time of contact for various
length bars in symmetrical free flight impact of aluminum and have
identified the transition velocity between the plastic and hydro-
dynamic regimes. Ripperger ( 81 ) had concluded earlier that
meacurements near the impacted end were questionabie and that
surface strain measurements were unreliable near the impacted end.

Another type of experiment for determining the dynamic
properties of materials has made use of compression load bars by
impacting a softer specimen on a hard bar axially and obtaining
the dynamic strains (or stresses) at the impacting face by observing
the propagating strain pulse on the hard '"load bar'" which remains
in the elastic region. Kolsky and Douch ( 82 ) determined dynamic
stress-strain curves for copper, aluminum and an aluminum alloy
>y firing short specimens at a steel pressure bar and observing
the permanent strain in the specimens after impact. They found
that the aluminum alioy showed no rate of strain effect while the
pure copper and aluminum did, and that the rate-independent theory
predicted the permanent strain based on the impact velocity using
a single dynamic stress-strzin curve. The prediction of the
distribution of strain was not as good and repeazted impact tests
in which the permanent strain was measured after each test did
not verify strain hardening theories. These experiments leave
doubts as to the actual dynamic unloading behavior of materials
stressed beyond the elastic limit. Johnson, Wood and Clark ( 83 )
had carlier used a pressure bar technique to relate impact stress
to impact velocity and maximum plastic strain. Using the Karman
theory they determined a dynamic stress-strain curve which was
higher than the static curve and concluded the necessity of a
family of dynamic curves based on the final total strain.

Sperazza ( 57 ) used several measuring techniques including an
aluminum pressure bar to further verify the existence of a single
dymamic. stress~strain curve for large amplitude waves in lead.

A further extension of the load or pressure bar technique for
determining the dynamic strains at the end of a bar has been
utilized in the now popular split Hopkinson bar experimental
arrangement. In this configuration, a relatively short specimen is
sandwiched between two load bars which remain elastic. A driver or

12



ram i1mpacts the first elastic weigh bar and thc resulting stress
wave propagates down the bar. Part of the wave is reflected at
the specimen and part is transmitted through the second weigh bar.
The stress waves in the two bars are recorded by the use of
surface strain gages. Through the knowledge of the speed of wave
propagation through the elastic bars the dynamic stresses and
strains at the two surfaces of the sandwiched specimens can be
deduced. If it is further assumed that the stresses and strains
in the specimen are uniform along its relatively short length, i.e.
wave propagation effects can be neglected, a dynamic stress-strain
curve can be obtained by averaging the stresses and strains at the
ends of the specimen. This “thin-wafer' or split Hopkinson
pressure bar experiment was first introduced by Kolsky ( 84 ) in
1949 who applied it to the dynamic testing of materials at high
strain rates. Kolsky realized the possibility of errors due to
inertial stresses and gave an znalysis for an iner+icl correction.
Davies and Hunter ( 85 ) analyzed the experiment setup carefully,
considering the non-uniformity of stress and strain within the
specimen and concluded that for length to diameter ratios near
unity end friction effects between the specimen and the pressure
bars could be eliminated. They concluded, however, that lateral
inertia must be taken into account and derived inertial stress
corrections from kinetic energy considerations. The split
Hopkinson bar technique has received considerable attention in
recent years; examples are given by Chiddister and Malvern ( 86 ),
Davidson et al ( 87 ) and Lindholm ( 88 ) for determining dynamic
stress-strain curves of metals as a function of strain rate.
Lindholm ( 89 ) has presented details of the techniguc :nd presents
results for several f.c.c. metals in polycrystalline i-;rm and for
high purity aluminum single crystals in compression ( 0 ), demon-
strating a definite strain-rate dependence. Larsen et al ( 91 )
investigated tne rate sensitivity of single crystal Angl using a

split Hopkinson bar fo. the higher strain rates and noted that
different types of slip mechanisms had different rate sensitivities.
They re-examined the theory of plastic wave propagation in the
light of deformation rates determining dislocation mechanisms.
Karnes and Ripperger ( 92 ) modified the experimental technique dy
including a quartz crystal stress transducer and strain gages at
one end of the thin specimen in tests on high purity aluminum and
found it to be rate sensitive. They concluded that their experi-
mental technique allowed the measurement of stress and strain at
essentially the same point, thereby circumventing the averaging
procedure ordinarily used. Hauser, Simmons and Dorn ( 93 ) tested
thin wafer specimens of high purity aluminum and concluded that

jits dynamic behavior could not be described by 2 rate-independent
constitutive relation. They neglected the wave propagation
phenomena because of the short length of the specimen and attempted
to justify this procedure by theoretically checking the adequacy of
the approximation by solving the internal wave propagation prcblem
based on an assumed bi-linear stress strain curve and a rate-
independent theory which they found to be inadequate. Conn ( 94 )
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later re-analyzed the results of Larsen et al using a more general

non-}inear‘analysis and demonstrated that the same data could be
predicted from a rate-independent theory.

The applications and limitations of a one-dimensional theory
of bar impact related to the split Hopkinson bar technique and..
the effects of wave interactions of elastic and plastic wave
components involving loading and unloading stresses are further
discussed by Conn ( 94 ) who carefully delineates mechanical
effects from material properties to be measured. A description
of high strain-rate experimental setups is given by Hauser ( 95 )
along with a detailed description. of the split Hopkinson pressure
bar and the equations and assumptions associated with its use.

On the basis of tests covering a wide range of strain rates
using conventional testing machines in conjunction with wave
propagation experiments and/or prescure bar techniques, consti-
tutive equations have been postulated for several metals and
alloys. In addition to the investigations previously cited,
Malvern ( 52 ) verified a power law relation between stress and
strain rate for high purity aluminum based on his experiments
with a Hopkinson bar and earlier experiments by Alder and Phillips
( 96 ) at lower strain rates. Other constitutive relations for
various structural materials are given, for example, by McLellan
( 97 ) and Maiden and Green ( 98 ). The latter used a split
Hopkinson bar similar to the one used by previous investigators
(85, 86, 93) for strain rates np to 104 on two aluminum alloys
and found no rate sensitivity over the range of strain rates
tested. This observed behavior was very different from that found
for higher purity aluminum by Hauser, et al ( 93 ) and Davies and
Hunter ( 85 ) in which the stress at a given strzin was found to
increase significantly over a similar range of strain rates.
Maiden and Green observed, however, a definite strain-rate sensi-
tivity in titanium which exhibited a delayed yield.

Finally,; in contrast to many other workers in the field,
Bell ( 56 ) has found no rate sensitivity for a large number of
metals on the basis of wave propagation experiments using his
diffraction grating technique and has found a single temperature-
dependent, rate-independent parabolic stress-strain law for all
f.c.c. metals. At present there are several efforts being made
by researchers to assemble the available stress-strain data from
various sources; these should appear in the literature in the
near future.

The investigations described above have dealt mainly with
materials having relatively smooth stress-strain curves without
sharp yield points. There have been several investigations into
the behavior of mild steel which exhibits a very sharp yield
point and hence cannot be classified together with most other
metals. The yield strength of mild steel is known to be highly
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rate dependent; Costello ( 99 ), for example, has found the ratio

of dynamic to stagic yield strengths to be as high as 2.9 for strain
rates of about 10° per second using explosive loading technigques.
Cémpbell and Duby (100) have found that steel exhibits a delayed
yield phenomenon and have measured this delay time to be between 35
and 80 microseconds. They have interpreted these results in terms
of a criterion of yielding based on dislocation theory. Taylox
(101) has noted the nonuniform deformation in mild steel at low
strain rates in the range of the lower yield stress and has
determined the stress required to propagate a plastic zone at
different velocities. Taylor and Malvern (102) studied the dynamic
lower vield stress and associated plastic deformation and have

shown that the effect of a high rate of strain is to increase the
resistance of the steel to the propagation of this nonuniform
yielding throughout the material, thus confining the local plastic
strain to a smaller region at high strain rates. These observations
warrant classifying mild steel in a separate category when

discussing the rate of strain effects on the mechanical behavior
of metals.

One aspect of the wave propagation phenomenon in bars which
does not seem to correlate well with ¢xisting theories is the
propagation of incremental loading waves in bars prestressed into
the plastic region. It was the experimental results of Bell ( 39 )
and Sternglass and Stuart ( 40 ) who observed a small incremental
pulse travelling with the elastic wave velocity that led many
investigators to conclude that a rate-independent theory ot plastic
wave propagation was not valid. Karnes and Ripperger ( 92 ) have
attempted 10 explain this observed elastic wave velocity in pre-
stressed rods by a rate sensitivity which is representable as a
family of paraliel stress-strain curves depending on strain-rate.
They concluded that to go from the static to the dynamic curve
one must follow a path parallel to the elastic modulus. This
explanation, however, does not explain the experimental results
of Alter and Curtis ( 41 ) who superposed an incremental pulse on
a dynamically prestresc~d rod of lead and still observed a velocity
of propagation equal to the elastic wave velocity. It must be
noted here that the above mentioned experiments dealt with small
increments of stress in prestressed bars; Bell and Stein (103)
found that large stress increments propagated at the slower plastic
wave velocity in agreement with the rate-independent theory.

Rubin (104) derived an analytic rate-dependent solution which
explained the results of the Sternglass and Stuart experiments.
Bianchi ( 58 ) also found that a rate-dependent solution was in
agreement with his experiments on propagation of waves in pre-
stressed copper specimens, especially for high values of the
prestress.

Hunter and Johnson (105) conducted a theoretical treatment of
the problem including three dimensional effects and the phenomenon
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of geom?tric dispersion in a rate-insensitive material. The
dispersion is due to the neglecting of inertially induced

stresses and initially plane sections remaining plain during

a transient disturbance. They concluded that geometric dispersion
@as a profound effect on the propagation characteristics of
incremental pulses, and leads in particular to pulse velocities
much larger than the plastie wave velocity and comparable to

half of the elastic wave velocity, Co. However, since velocities
as large as Co are not obtained, it is clear that geometric dis-
persion does not account for the Sternglass-Stuart results and

that strain-rate effects appear to be an important factor in
these experiments.

An alternative explanation of the incremental wave experi-
monts has been postulated on the basis of the observed Portevin-
LeChatelier effect, or repeated yielding in metals. This effect
is observed in slow-rate loading tests and is manifested in a
stepped or staircase stress-strain curve with distincr jumps.
Riparbelli (106) attempted to explain the resuits of the
Sternglass and 5tuart experiments on the basis of a discontinuous
or stepped stress-strain diagram and proposed that the time
derivative of creep deformation (plasticity) is proportional to
the excess of stress (a strain-rate effect). The staircase stress-
strain curve in pure aluminum has been observed by Dilion (107) in
torsion, Bell and Stein (103) in compression, and Sharpe (108) in
tension. Kenig and Dillon (109) presented experimental data on
the propagation of shear waves under biaxial prestress and have
observed catastropic straining at certain "points'" in a specimen
while other points are not affected. This observation was
consistent with the application of the theory of wave propagation
to a material exhibiting a staircase relation between stress and
strain but no dependence on strain-rate. The wave propagation
analysis for the propagation of axial waves was previously given
by Dillon (110) in which incremental strain waves were predicted
to travel at the elastic bar velicity because the stress-strain
relation usually has a local slope equal to the Young's modulus
even in the plastic range of deformation. The incremental wave
experiment which has often been cited as evidence of strain-rate
effects is thus explainable in terms of a rate-independent stair-
case stress strain curve and can be shown, instead, as Bell ( 48 )
notes, "... to be a dynamic experiment related to the study of the
quasi-static stability properties of the pre-stress" and '"thus
provides no information relevant to the applicability of the
finite amplitude wave theory."

An alternative approach io the wave propagation phenomenon
was presented by Cottrell (111) who discussed deformation at high
rates of strain in terms of a dislocation model. He attributed
rate of strain effects in metals to the mechanics of dislccation
motion and discussed the problem in terms of crystal physics.
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Slmmons,inauser and Dorn (112) presented a uniform theory of wave
propagaﬁlon, treating the Karman and Malvern theories as special.
cases o% a more general treatment, They concluded that neither
theory is compli.tely realistic for impulsive loading or metals
and that further progress in undercianding the propagation of
plastic waves in crystalline solids is dependent upon the
formulation of the laws of motion of dislocations under impulsive
loading conditions.

The effect of the rate of strain in metals is still an un-
answered question in the minds of many investigators. The results
from constant velocity longidudinal impact tcsts on bars have
tended to demonstrate, as von Karman ( 37 ) pointed out, that the
assumption of a stress-strain curve independent of the rate of
strain is not entirely justifiable. Karman realized that the
average rate of strain and actual rate differ considerably and
pointed out that "it is therefore not logical to utilize tension
impact tests to study the influence of the rate of strain on the
properties of metals." Lee and Wolf (113) showed analytically
that if average values of strain are taken in high speed testing,
a spurious strain-rate influence would be deduced when propagation
effects first begin to appear as the testing speed is increased.
These are not due to rate dependence but rather tc strain vari-
ations along the specimen. Riparbelli (114), i commenting on
constant velocity impact tests, concluded that the stress-strain
law must be time dependent to explain experimental results and
that the plastic strain exhibited a time lag which could be
explained by a plastic flow law.

The multitude of wave propagation experiments still depend
on the material constitutive relations for proper interpretation
and an a priori assumption as to rate-dependence or rate-
independence. The more recent usec of pressure bar techniques
(51,52,82,85,88,93) which eliminate the necessity of a wave
provagation theory have demonstrated that the dynamic stress-
strain curves for most metals differ from the quasi-static ones,
the difference being quite small in most cases and even non-
existent for some alloys. The conclusions vf Bell regarding rate-
independence (48, 79) differ from those of his co-workers in the
field, although Kolsky ( 14 ) feels that "many of these differences
are more apparent than real'. Bell's work has been based on his
diffraction grating technique ( 55 ) which has been extended for
the measurement of large strains (115). As far as this author
knows, this is the ornly direct measuring technique for observing
strains in a wave propagation experiment. The validity of strain
gages has been challenged by Bell (116, 117) on the basis of
comparison of experiments using wire resistance strain gages in
constant velocity impact tests with idential tests using
diffraction gratings. "at every position it was found that the
wire resistance strain gages gave strains lower than those

- obtained from the diffraction gratings". Bell found errors in

the maximum strain amplitude of 26 per ceht at 2.5 per cent strain
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and a strain rate of 1000 in/in/sec. 1In an independent experiment,
Malvern and Efron (118) compared results obtained using strain
gages with results from identical experiments utilizing a velocity
transducer developed by Ripperger and Yeakley (119) based on an
electromagnetic induction technique. They observed consistently
lower propagation speeds from the transient strain records than
those based on the velocity records. Malvern ( 52 ) believes that
this represents an actual lag in the response of the strain

gages and has noted that his velocity measurewents are in agree-
ment with those of Bell.

The Hopkinson bar experiment has attempted to circumvent
these difficulties and uncertainties by using short specimens
where it is assumed that the uniform stress and strain distri-
butions of quasi-static measurements apply during impact. These
experiments have been criticized because of the neglect of three-
dimensional effects and end friction. Bell (120) has recently
examined this experimental configuration by making direct
diffraction grating surface strain measurements along short bars
sandwiched between two elastic pressure bars. He has observed
non-uniform finite strain distributions which he attributes to
non-linear wave initiation, propagation, reflection and inter-
action and concludes that the quasi-static hypothesis is not
applicable in the Hopkinson bar experiment. The velative merits
of surface strain measurements versus average strain values in
this exr- ment is a question that is likely to receive much
attention from investigators in this field for some time to come.

B. Waves of one-~dimensional strain

The many problems and uncertainties associated with determin-
ing dynamic properties of materials from studies of wave propa-
gation in bars and rods has led many investigators to seek other
techniques for determining dynamic materials properties. Most
popular and promising among these techniques is the study of
plane waves passing through large blocks or plates of a material.
In this configuration, the state of strain is essentially one
dimensional apart from edge effects because of the symmetry of
the deformation which restrains motion normal to the direction
of the propagating wave. However, because of this lateral
restraint, the stresses or pressures required to cause large
plastic deformations are extremely high, oftcn several orders of
nagnitude above the yield stress of the material.

The speed of propagation of elastic waves in uniaxial strain
is governed by the elastic modulus (K + 4G/3) whexre K is the bulk
rigidity modulus and G the shear modulus. The bulk and shear
moduli of metals are considerably increased at high pressure and
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this leads to the phenomenon of higher stresses propagating

more rapidly than lower ones which in turn leads to the front of
a propagating stress pulse becoming progressively steeper and
eventually almost vertical. This phenomenon is known as a shock
wave and is similar to the wave formed in a bar of a materinl
having a concave up stress-strain diagram. A concise discussion
of shock waves in solids can be found in Kolsky ( 9 ); Skidmore
(121) summarizes the basic concepts to supply the physical back-
ground for non-specialists ia the field.

The first detailed investigation of propagation of shock
waves in metals was conducted by Pack, Evans, and James (122) who
detonated explosives in contact with stcel and lead. They noted
that the initial velocity of a shock wave can exceed the elastic
bulk wave velocity because of the increase in bulk modulus with
pressure and observed this experimentally in lead but not in
steel.

The theoretical analysis of waves of uniaxial strain was
presented by Wood (123) in 1952 who first stressed the importance
of hydrostatic compressibility in determining the nature of a
wave. A systematic investigation of wave propagation treating
elastic and plastic waves and the formation of shock waves in
unidirectional strain was presented by Morland (124) who gave
the complete equations for a material having a linear stress-
strain relation for low stresses and concave up in the plastic
region.

Plane waves of uniaxial strain are commonly generated in
flat plates by detonating explosives in contact with the surface
or by impacting them with other flat plates which are accelerated
to high velocities by explosive means or throvgh gas guns. It is
difficult, if not impossible, to observe the wave as it propagates
through the plate and measurements are generally confined to the
free surface velocities of the back of the plate and the wave
speed through the plate. In some of the earliest experiments,
Allen (125) used an optical technique to measure surface oscil-
lations on steel plates under explosive loading. Elastic and
plastic shock waves in metals were observed by Minshall (126)
using electrical pin contactors and crystals. The pin probe
technique which he introduced consisted of placing numerous pins
near the center of the plate at various distances from the surface.
As the plate deforms, the free surface makes successive contacts
with the pins and the time of contact is recerded. The pins are
spaced such as to prevent reflected waves from the edges or other
pins from reaching them before the plane deformition wave arrives,
and this information can be translated into a continuous record of
free surface displacement or velocity. At about the samz time
Mallory (127) used the electrical contact technique to study metal-
metal impact motions in aluminumy he found that the velocity of
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propag§tion of a shock wave was a smoothly decreasing function of
the t?xcknesq of target. Allen, et al (128) used a shadowgraphic
technique to infer the free surface velocity of a steel plate

from the strength of the air shock developed as the wave passed
through the plate.

Shock wave measurements can be used to determine equations
of state or constitutive relations for a material by assuming
some form of theory of wave propagation. In the high pressurc
region where the induced stresses are much greater than the
stresses supported by the cohesive strength, compressible hydro-
dynamic theory has been employed extensively in the investigation
of plane shock waves in solid slabs (19, 129). The theory
assumes that the material cannot support shear stresses and treats
the material as a compressible fluid t0o oLiain PVT reiations for
solids at hioh pressures. 1In recent years, shock wave meas' rements
have been used extensively together with compressible flwnid theory
to determine equations of state or Hugoniots of materials at high
pressures (129,130,131). The theory assumes a non-linear solid
but no strain-rate effects, i.e., stress is a single valued
function of strain, and has been used to calculate Hugoniot
pressure-density relations for a large number of metals for
pressures up to the megabar region (132, 133). While the compres-
sible inviscid fluid type model descrives accurately the overall
state of materials at high pressures, yield strength of materials
as well as its variation with pressure and temperature must be
considered for lower pressures along with certain aspects of
wave interactions which may be particularly sensitive to yield
strength influences. Fowles (134) performed one of the few experi-
ments in the low pressure region (under 50 K bars) using a streak
camera to record shock and free surface velocities. He validated
the elastic plastic theory for one-dimensional strain and found
no strain-rate effects evident for hardened and annealed 2024
aluminum,

If the pressure volume relation is concave upward everywhere,
as in an ideal fluid, a single shock front will form. 1In a solid,
however, yielding produces a discontinuity in the slope of the
curve and leads to the formation of two shock fronts, the leading
shock, or elastic precursor travelling with a higher velocity for
some shock amplitudes. The amplitude of this leading front is
directly related to the dynamic yield strength of the material
and is called the Hugoniot Elastic Limit (HEL). If the HEL
diminishes as the wave progresses through the material, some
form of stress relaxation is indicated in the material, i.e., a
strain rate effect is present. Duvall (135) shows how the decay
of the elastic precursor wave preceeding a shock can be related
to material relaxation mechanisms. His equations are formally
equivalent to those of Malvern ( 42 ) for waves in a bar of a
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Strain-rate dependent material except for different physical
co?stants because of the difference between the conditions of
uniaxial stress and uniaxial strain in the two expeviments.

The influence of yield strength on the propagation of plane
stress waves has been considered Ly Lee and Liu (136) who
compared an elastic-plastic solution to the hydrodynamic solution
and a rigid-plastic solution. The hydrodynamic solution which
negliects yieid influences showed an appreciable difference in
attenuatior while the rigid-plastic solution was found to be a
poor approxims+izrn since the elastic resilience in shear has an
appreciable influence on the unloading characteristics. While
the determination of the loading portion of the stress-strain
curves has been extensively studied (131), very little has been
done dealing with unloading in the high pressure region. Hartman
(137) studied the unloading curve of shock loaded 6061-T6 aluminum
by measuring the residual strains for different shock loads and
constructing the curve frem a number of points. His comparison of
the measured strain with that predicted by the elastic-plastic
theory established the inability of the simple theory to predict
the release path and he concluded that the Bauschinger «f{ect and
an increased flow stress (rate dependence) must be considered.
The Bauschinger effect denotes the reduction in flow stress and
temporary increase in the work-hardening rate of a plastically
deformed metal undergoing unloading. This effect was demonstrated
in steel under rates encountered in explosive loading by Jones and
Holland (138) using explosively generated plane shock waves.
Additional unloading studies were conducted by Baker, et al (139)
who determined the unloading behavior continvously and found a
deviation in the unloading stress-strain relation from the elastic-
plastic theory. They attributed the differences to strain rate
effects and Bauschinger effects but noted that the differences
were not very great. The plane strain configuration has been used
recently by Barker, et al (140) to observe elastic and plastic
waves at the free surface with an interferometer technique and a
laser light source. Observations of an initial peak in the
elastic wave and its subsequent decrease have been related to
dislocation motion within the material with the conclusion that
the initiation of slip is more difficult than its continuation.

Recent experimental work in high pressure shock waves in metals
has been directed towards determining equations of state at increas-
ingly high pressures. Fowles and Isbell (141) have presented
experimental results for Hugoniot measurements using a new method
for producing very high pressure shock waves. Although the maximum
pressures generated by the highest velocity flyer plates in these
experiments were only about 2 megabars, this is seen as an initial
attempt towards obtaining high pressures than those obtainable with
explosives, and much research is being directed in this area.

21



Contrast these results with those of Russian investigators (142)
who have reported experimeats on shock wave determination of
eguations of state at pressures up to 9 megabars but have not
given any details of their experimental apparatus.

Anothexr aspect of shock wave propagation at high pressures
which has received attention is the metallurgical aspect of the
phenomenon. In many crystalline materials including metals and
alloys, pressure induced phase transformations, usually temporary
wut sometimes permanent, are found to occur at various pressures.
Many studies have been made of phase transformations, and the work
done has been reviewed by Rice, et al (131). A summary of the
principal publications dealing with metallurgical effects of shock
waves has been presented by Appleton (143) who surveyed studies
involving terminal structure and properties of metals and alloys
after they have experienced shock waves and pressure induced
phase transformations in iron. For a review and description of
the most important research applications of shock waves related

to the study of behavior of solids see the excellent article by
Duvall ( 19 ).

The theory of propagation of plane waves of finite elastic
and plastic strain and relevant experimental findings has been
reviewed recently by Lee (144). A theory of plastic wave propa-
gation which includes elastic and plastic deformation components
in the region of finite strain and which also considers thermo-
dynamic influences has been proposed (145) and promises to provide
a basis for future investigations in this area.

C. Waves in strings and (Cables

The experimental results of longitudinal wave propagation
studies in bars and rods have as yet failed to resolve the
controversy concerning the rate-dependence on rate-independence
of the stress-strain relations of various metals. Of the many
uncertainties in this type of experiment, the most pronounced,
is the three dimensional effects of radial inertia and radial
shear in this assumed uniaxial stress configuration. This
problem has been somewhat overcome by reducing the radial dimen-
sions of the specimen; for the case of thin wires this dimension
can be reduced by several orders of magnitude from that of a bar
or rod. However, as thinner specimens are used, instrumentation
for observing longitudinal plastic waves becomes increasingly
complex since strain gages cannot be made indefinitely small.
Problems of this nature have led several investigators to study
the problem of transverse impact on thin wires as a means of
determining dynamic mechanical properties of materials.
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The study of transverse impact on thin wire and the associated
wave propagation in elastic-plastic strings was first considered by
Rakhmatulin {146) who assumed that the materials behavior in a
strain-rate-independent manner. Assuming a form for the transverse
deforration and negiecting flexural rigidity of the wire, he
arrivc 1 at a closed forw solution for the problem of constant
velocity transverse impact on a straight wire. The transverse
impact problem was subsequentlv considered by Craggs (147), and
experimental data was reported by Ringleb (148) for the impact on
linearly-elastic aircraft arresting cables. The mathematics for
elastic waves were developed by Li (149) and the theory has been
applied by Smith, et al (150) to determine constitutive relations
for textile yarns by studying the transverse impact photographically.
This experimental configuration has been utilized recently by
Schultz (151) to study the mechanical properties of several metals
with the aid of stroboscopic photcgraphy. By photographing the
motion of the stretched wire under constant velocity transverse
impact, the rate-independent theory of plastic wave propagation
has been verified assuming the quasi-static stress-strain curves
and using a closed form solution to the wave cquation for an
aluminur alloy and for pure aluminum and copper at low strain
levels.

it

An exeellent bibliography on studies of wave motion in strings
: and cables up to 1960 can be found in Ref. ( 24 ) and a discussion
of some problems is given by Cristescu (152). Finally, the same
general theory has been extended to the problem of transverse
impact on membranes by Karunes and Onat (153) who obtained a
solutior highly analogous to the cne in the string problem,

D. Torsional wave propagation

An experimental configuration which has a great potential for
the generation of meaningful data regarding dynamic materials
properties is the case or pure torsion of a circular cylindrical
fuod, Il is usualiy assumed in the anaiysis of such a configuration
that each cross-section undergoes a rigid rotation; this is strictly
true only if the material has a linear stress-strain relation 2zs
pointed out by Wolf (154). In general, the solution to the torsional
impact r-oblem involves two space variables, but the approximation
of dependence on a single space variable is reasonably justified if
the curvature of the stress-strain curve is small and a thin-walled
tube is utilized. This experimental configuration has been suggested
by Craggs ( 18 ) feor studying the dynamic behavior of materials but
has received little attention from workers in the field; the theory
of cylindrical wave propagation and its advantages over longitudinal
wave studies has been presented by Rakhmatulin (155) and Wolf (154).
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Torsional impact tests were performed by Calvert (156) using
a flywheel and clutch mechanism and extended to include a static
axial tension to determine yield criteria (157). Similar tests
by Taylor and Tadros (158) showed a much greater percent increase
in both the upper and lower yield point values in torsion than in
tensicon for mild steel. However, none of these investigations
presented stress strain curves as a function of strain-rate and no
account was taken of wave propagation effects. The only experi-
ments reported on torsional wave propagation have been conducted
recently by Baker and Yew (159) using a setup analogous to a split
Hopkinson bar in torsion and reducing the data by the averaging
process common to that experiment. They concluded that the
Malvern rate-dependent theory gave better agreement with their
wave propagation results than the rate-independent theory, although
they noted from their dynamic stress-strain curves that for shear
strains up to 20 percent and strain rates to 2100/sec, annealed
copper exhibited significantly lower strain-rate effects than
previously obtained longitudinally. It is to be noted that this
experimental configuration avoids the three-dimensional effects of
longitudinal wave experiments in bars when properly used and deals
with shear stresses and strains without the complicating influences
of hydrostatic effects. It is felt that much more can be learned
from experiments of this type in the future.

E. Other experimental techniques

In addition to the plane stress (waves in rods), plane strain,
and pure torsion configurations for determining materials properties
several other methods have been employed including some highly
empirical techniques as well as some clever experimental configur-
ations for eliminating wave propagation effects. Among the former
are the experiments of Davis and Hunter (160) who performed impact
indentation tests with a conical tipped projectile. Measurements
of indentation dimensions, contact duration, and velocity were
compared with hardness measurements and used to assess strain-rate
sensitivity of materials in the form of a ratio of dynamic to static
flow stresses. Lifshitz and Kolsky (161) made measurements of the
coefficient of restitution and time of contact of steel balls
impinging on blocks of mild steel to determine the onset of yield
and concluded that the procedure was valid for materials with a
sharp yield point or for linear viscoelastic materials. Similar
experiments yielding empirical relations concerning penetration
parameters were reported by Yew and Goldsmith (162) who used hard
steel spheres indenting a block of another (softer) material
treated as viscoplastic, and by Mok (163) who also used ball-
indentations to infer the strain-rate dependence of the yield stress.
All of these tests suffer from the difficulty of interpreting the
experimental data and correlating them with meaningful physical
parameters or deriving materials properties from then.
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Another type of experiment has involved the impacting of flat
ended cylindrical projectiles against relatively rigid blocks and
studying the permanent deformation of the projectile to determine
dynamic yield stresses. Lee and Tupper ( 35 ) have presented a
complete analysis of the problem based on elastic~plastic theory;
Raftopoulos and Davids (164) have derived a direct numerical
analysis of the problem for several different stress-strain
relations. The latter have obtained good experimental correlation
for mild steel assuming a rigid work hardening behavior in this
type of experimen? which was first proposed by Taylor (165) and
Whiffin (166) in 1948,

An alternative approach to the plane strain configuration for
shock wave propagation studies has been the generation of spherical
waves with explosives. Among the works of this kind, Theocaris,
et al (167) have recently generated low pressure shock waves in
perspex spheres, analyzing them using the hydrodynamic equations.
They empleyed a Moire! method to measure the shock wave velocity
and evaluated the particle velocity behind each shock directly
from the Moire' pattern. Lifshitz and Kolsky (168) have made
experimental measurements of the change of shape of explosively
detonated spherical pulses to determine the bulk modulus in linear
viscoelastic materials. They found bulk losses to be much less
than those in shear but a constant fraction of the latter and
concluded that the same microscopic dissipative processes occur in
both cases.

One of the more promising techniques for determining the
dynamic tensile properties of materials is the use of radially
loaded rings and cylinders to study the hcop (tensile) stresses
without the¢ complications of wave propagation effects. This method
was employed in 1950 by Clark and Duwez (169) using hollow cylinders
pressurized from inside; they found that the ultimate stress and
proportional limit both increase with strain rate in steel. More
recently, Ensminger and Fyfe (170) have studied the cylindrical
wave generated by an exploding wire in a hollow cylinder of
aluminum. Although these experiments were only exploratory, they
served to verify the constitutive relation for an aluminum alloy
in the elastic range and showed promise of broader applications in
determining materials properties. A similar configuration has been
used by Niordson (171) who tested specimens in the form of thin
rings. In his setup, he used a magnetic field to expand the ring
rapidly and photographic methods for measuring strains. This type
of experiment shows promise of generating meaningful data in the
future.

Among other new experimental techniques, mention must be made
of the experiments of Frasier and Karpov (172) on hypervelocity
impact in wax.
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T'hey have employed an induction wire technique to obtain experi-
mental data on loads and deformations in the interior of a target
with wires imbedded within. Although the material investigated
(wax) is not of great interest, it is felt that much is to be
learned from this type of experiment con the actual form of wave
propagation within a material as it is related to the behavior on
the free surfaces.

F. Dynamic multiaxial testing

While a great deal of emphasis has been placed on the determi-
nation of materials properties in one-dimensional stress or strain
configurations, little attention has been paid to determining
dynamic properties under three-dimensional states of stress. This
is understandable in lieu of the difficulties that are encountered
in even the simplest states of stress as has been pointed out in
the previous pages, hence most experimental work has concerned it-
self with uniaxial tension or compression testing. However, a few
attempts at multiaxizl testing have been reported. Hickel, et al
(173) have reported results of burst tests on cylinders (a bi-axial
state of stress) and have attempted to correlate these data with
results from dynamic uniaxial tests on sheets to determine dynamic
failure criteria. Gerard and Papirno (174) determined dynamic
stress-strain relations from expanding thin spherical diaphragms.
Their dynamic bi-axial testing was limited to one oa/%n ratio

because of the specimen geometry and there was no direct comparison
of the bi-axial data with uniaxial data on the same material.
Lindholm ( 88 ) has presented some preliminary results for dynamic
behavior of steel from bi-axial tests in combined tension and
torsion using a newly developed pneumatic machine (175) with a
capability of applying dynamic loads ranging continuously from
pure tension to pure torsicn. In addition, at present there are
preliminary experiments being performed at several laboratories
with the aim of developing dynamic bi-axial loading devices.

These experiments promise to lead to more meaningful data on
materials behavior under complex states of stress and should lead
to the development of generalized dynamic stress-strain relations
in three-dimensions and associated yield and failure criteria in
the future.
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IIT. Behavior of Materials Systems

] Ir this secticon an attempt will be made to outline a class of
impact probiems which have been treated analytically. The problem
of the response of structural configurations to dynamic loading is
of great importance and covers an extremely wide variety of
problems. Dynamic loads can be classified depending on the shape
and time of the applied stress pulse or the mass and velocity of
the impacting projectile. The response of the system will depend
on many factors including the materials properties and geometry of
both projectile and system, impact velocity and others. The
subject will be broken down arbitrarily into several categories,
depending on the type of response or failure of the system,
although it must be pointed out that these categories are by no
means unrelated and the distinction between response of materials
and of structues is not easily defined. Thus, the problem of
spalling could be considered as a materials property as well as a
type of structural response; likewise it cannot be treated in-
dependently of wave propagation phenomena. Fihally, emphasis is
placed on response of systems where strength mechanisms are
important; little attention is paid here to hypervelocity impact
phenomena and cratering studies where analytic techniques are not
well developed. It is to be noted that only a few simple
structural impact problems have been treated in the literature.
The difficulties of incorporating non-linear and time-dependent
mechanical properties into already complex three-dimensional
structural analyses can be well appreciated; the existence of
solutions for only simple structures thus reflects these difficulties.
The solutions to a wide variety of impact problems can be found in
the excellent book by Goldsmith ( 1 ).

A. Large dynamic deformations under impulsive loads
.

This type of problem is categorized by a short duration
pressure loading over a wide area of the structure, typically a
conventional blast type loading: The significant feature of this
type of loading is that the structure does not undergo significant
deflections until the loading has decayed to zero; the impulse has
the net effect of transferring a momentum to an initially undeformed
structure. One of the earliest solutions to an impulsively loaded
plate is by Hopkins and Prager (176) who calculated the response of
a simply supported circular plate to a uniformly distributed rec-
tangular pulse loading. Wang and Hopkins (177) considered a similar
problem for a built-in circular plate under an ideal impulse, i.e.
applying a constant velocity to the plate at t = O. The material
was assumed to obey the Tresca yield condition and the associated
flow rule. Wang (178) later extended the solution to a simply
supported plate. The problem of blast loading on a square plate
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was tr?afed by C9x and Morland (179) for a simply subported plate
of 2a r1g}d plastic material under an ideal impulse lo..ding. As in
the.prev1ous solutions, bending stresses were assurer, to bre—
dominate and membrazne and shear stresses were neglected. Ellington
and Ellington (180) considered both bending and membrane stresses
for the solution of a clawmped circular plate under an ideal impulse.
They developed an approximate solution by assuming the fovm of the
deflection curve and the position of a radially moving plastic
hinge and determined critical impulse values for failure to occur.
Witmer, et al (181) developed a computer code for determining the
large deformations of a wide class of structures undex impulsive
loading. The material was assumed to have a stepwise linear rate-
independent stress-strain curve and good correlation was obtzined
with experimental results of explosively loaded structures (182).
Florence (183) presented 2 rigid plastic analysis of a clamped
circular plate under a uniform pressure loading applied instan-
taneously and decaying in time. Using the Tresca yield condition
he found the permanent central deflection and its dependence on
pressure and impulse. This work was extended to a plate loaded

by a rectangular pressure pulse uniformly distributed over a
centrai circular area (184); ac in most of the other solutions

only bending action was considered. As still another problem in
impulsive loading, Sarkar (185) considered a rectanguiar plate of a
linear viscoelastic (Kelvin) material under a concentrated impulsive
load applied at a point on the plate. This analysis, as with most
of the others cited, is rather limited in application because of the
simplified constitutive equations used; more realistic equations
which consider the non-linearities and time dependence of real
materials must be used if good correlation is tc be expected
between experimental and theoretical results in blast loadings on
simple structures.

B. Wave propagation in beams and plates

When structures are subjected to impact by high velocity pro-
jectiles, a disturbance is propagated through the structure. This
type of problem has been studied for impacts on beams, plates, and
other simple structures to determine the stresses and deflections.
One of the earliecst investigations into transverse impact on beams
was conducted by Duwez et al (186) for a long beam impacted at the
free end with a constant velocity. A moment curvature relation was
assumed based on the (static) stress strain curve of the material;
it was observed that the strain in the beam wac not propagated at
constant velocity. The concept of rigid plastic behavior and of
plastic hinges in beams under impact loading was introduced by Lee
and Symonds (187) to study the large plastic deformations of beams
under transverse impact. Parkes (188) applied an ideal rigid
plastic analysis to the dynamic problem of a cantilever impacted
at its free end and achieved satisfactory correlation with experi-
uents for the prediction of permanent deformation at points remote
from the impact. Ting (189) extended the work of Parkes to include
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a strain-rate sensitivity and found good experimental correlation.
Bodner and Symonds (190) conducted impact experiments on mild
steel and aluminum beans to evaluate the rigid-plastic assumptions
and found that a strain-rate dependent rigid-plastic analysis gave
excellent agreement with experimental results. The effects of
shear on the dynamic plastic deformation of beams was studied by
Karunes and Onat (191) using a Timoshenko beam type analysis.
Symonds (192) presents a recent review of theories and experiments
for analyzing plastic deformations of metal structures under
impulsive type loads.

The propagation of waves in a membxane under transverse impact
was studied by Karunes and Onat (153) using a rigid strain-
hardening model for the material. The solution was found to be
analogous. to that of the transverse impact of a wire.

The problem of a rigid cylirder impacting a plate w s treated
by Bakhshiyan (193) by considering only the shear stresses in the
plate in a visco-plastic analysis. A similar problem was treated
by Kochetkov (194) using a slightly different stress-strain
relation to find the stresses, strains, and velocities in the
plate in addition to both the elastic and plastic shear waves in
the plate. Cristescu (195) considered the problem of the impact
on a plate by a circular rigid cylinder which also possesses a
rotational motion and determined the axially symmetric plastic
waves in the plate.

The r-oblem of a disturbance propagating radially outward
from a circular hole in an infinite elastic plate has been treated
by Scott and Miklowitz (196, 197). Using the exact equations of
elasticity they have solved the cases of a step normal displacement
in the radial direction and a radial body force with step-time
conditions. Davids and Lawhead (198) analyzed the propagation of
stress waves from a unit step impact pulse at an oblique angle in
an infinrite elastic plate with a thickness of the order of a wave-
length. Pytel and Davids (199) studied analytically the normal
impact on an elastic plate with a concentrated load. The solution
describes the stress wave propag~tion through the plate and leads
to a study of scabbing or spalling which will be discussed below.
In addition to these studies of compressional waves, the flexural
waves travelling in beams and plates have been analyzed by Davids
and Koenig (200) using a "direct method" of numerical integration.
Finite elements and the associated boundary conditions have been
considered and it has been shown that maximum stresses can occur
after reflection from boundaries for certain impulse loadings.
Miklowitz (201) has analyzed the flexural stress waves in a plate
due to a dynamic concentrated load considering both the effects
due to bending and to shear and rotatory inertia.
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C. Scabbing or spalling

. The phenomena of scabbing or spalling was first observed

in 191? by B. Hopkinson (202) while investigating the effects of
e¥plos1ves. Spalling is a dynamic tensile fracture caused by a
high intensity, short duration compressive stress pulse being
1eflected at the free surface of a body as a tensile stress wave.
The phenomenon, which has also been referred to as Hopkinson
fracture, is intimately related to the propagation of stress waves
through a material and to the dynamic tensile fracture strength

of the material. The portion of the body which is separated due
to the fracture is termed a scab or spall. The type of waves
which can cause scabbing are ordinarily generated from explosive:
detonations near the surface of a material or by the high velocity
impact of projectiles. Brobherg (203) studied the planec chock
waves reflecting normal to a free face to determine the criteria
involved in spalling. His experimental results could not be
closely correlated with theoretical predictions because of a lack
of knowledge of the mechanical properties and strength at high
rates of strain. From his experimental data he also reasoned

that fracture did not occur instantaneously under the loading
rates encountered in shock wave propagation. Other investigators
have presented qualitativé descriptions of the spalling phenomena
but little has been achieved in the way of geood quantitative
predictions because of the aforementioned lack of knowledge
concerning dynamic materials properties. Davids and Kumar (204)
have presented a survey of scabbing and an ana.ysis of wave
propagation by graphical techniques. Herrmann et al (205) pre-
sented analytical methods of predicting uniaxial stress waves and
spall and discussed the technique for studying spall using plate
impact experim..ts. A detailed analysis of the effect of an air
cushion between impacting plates was given. Rinehart (206) pre-
sented a survey and general discussion of the concepts of spalling
and has extended the concepts to multilayered materials and to
layers of different materials. For a set of solutions to a large
number of problems connected with fracture occurring under impulsive
loads and some basic rules for the solution of problems of this
type, the reader is referred to the work by Rinehart (207). Several
interesting features of the theory of propagation of transient
dilatational waves as related to some previously unexplained
features occurring in scabbing and the problem of spalling are
presented by Hunter (208). Among the findings is the relation
between displacements far from an iwnpulsive load and the pressure-
time profile of the load.

D. Plug formation in plates

Another type of failure which may occur vhen a projectile
strikes a plate is the formation of a plug. In this failure
mecharism, the projectile tends to push an approximately cylindrical
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portion of the plate ahead of it, although the "plug" may or uy
not be separated from the plate. This phenomeron is characterized
by a shear failure in the plate along an approximately cylindrical
sufface through the thickness of the plate. In most analyses of
this type of problem, only shear stresses in the plate are con-
sidered. In the aforementioned solutions of Bakhshiyan (193) and
Kochetkov (194) the impacting cylinder was azsumed to have an
infinite mass; these solutions were thus not able to explain plug
formation but rather the disturbances away from the region of the
plug. Chou (209) approached the problem of perforation of plates
by high speed projectiles analytically assuming visco-plastic
behavior of the plate material. By assuming a shear failure he
was able to predict the size of the perforated hole and achieve
qualitative agreement with experiments. However, as is often the
case in simplified analyses of this nature, he concluded that
"since the theory involves numerous simplifying assumptions as
well as estimated properties of the materials, its accuracy in
predicting the hold diameter is doubtful. A realistic theory

must include the compressibility, viscosity, and heat conduction
properties of the material'. Pytel and Davids (210) studied plug
formation failure by analyzing a plate given a uniform initial
velocity over a circular area from an impact. Under the assumption
of viscous behavior of the material in shear they achieved good
correlation with experimentally observed deformations. Minnich
and Davids (211) obtained a direct numerical sclution to the plug
problem using viscous-plastic shear strengths and determined the
dynamic yield strength in shear of a steel armor plate. For higher
velocity impacts and the resulting plug formation and penetration
Thoamson (212) applied a visco-plastic flow theory for the solution
of hypervelocity perforation of thin plates; by including the
target material yield strength in the solution he found markedly
different velocities, displacements and stresses than when the
vield strength was neglected.

E. Penetration of plates

A large body of literature exists on the penetration of plates
by high speed projectiles of various types. Most of this literature
is somewhat empirical in nature and does not consider analyses of
plug formation, spalling, etc. but seeks rather to define penetration
criteria in terms of various parameters such as momentum and kinetic
enexgy of the projectile, target density or hardness etc. The
question of which parameters are of greatest importance is
answered by attempting to relate experimental findings to empirical
predictions. No attempt will be made her: to describe in detail
all the works in the field but mention will be made of a few
typical works of this nature. The reader is again referred to

Goldsmith ( 1 ) and Cristescu ( 24 ) for a review of the literature
on dynamic plate penetration.
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In the area of analytical anaiyses of armor penetration can
be found the work of Thomson (213) giving a quasi-dynamic approach
to the problem. Assuming that the projectile penetrates and that
the hole size is large compared to the thickness of the plate, he
derived equations for the energy dissipation due to plastic defor-
mation and heating of the proje:tile-target interface. 2zZaid and
Paul (214, 215, 216) conducted a series of studies on perforation
of piates v several types of nrojectiles. They studied the
normal impact of a conical projuctile from a momentum viewpoint
using a simple model and aclizved good experimental correlation
(214). This momentum approacn was later extended to truncated
conical and ogival projectiles assuming the formation of a plug
without deformation of the surrounding material (215). Again
assuming perfcoration, they further extended their work to include
truncated cones striking the plate at oblique angles and obtained
a complete velocity-displacement history (216). They concluded
that "inertia effects predominated over material strength at high
velocities". Recht and Ipson (217) have derived analytical
equations defining the dynamics of ballistic perforation for
blunt and sharp-nosed fragments impacting plates ati various angles.
They can predict the residual velocity of fragmeats that have
perforated a plate using a penetration model and can predict the
minimum perforation velocity (ballistic limit) using a plug
formation type of analysis. Goldsmith et al (218) presented an
analysis of normal elastic impact and perforation at minimal
velocities of thin aluminum plates due to flat faced plastic and
conical hard steel projectiles. In these and other experiments
it has been generally noted that plugs form in hard thick plates,
dishing and petaling occur in thin ductile plates and ductile hole
enlargement and spalling occur in softer thick plates. Frictional
adhesion between a spinning projectile and a target during ballistic
penetration has been measured with a torsional-type Hopkinson bar by
Krafft (219) who found that sliding friction accounts for about
three percent of the striking energy of the projectile.

Mahtab and coworkers (220) have conducted research on cratering
and present a theory for dynamic indentation involving dimensional
analysis. Their results for projectiles of differing cone angles
indicate a possible use of dynamic flattening experiments to examine
the dynamic behavior of a material. They assume in their analysis
that the diameter of the permanent crater formed under impact is a
function only of impact velocity and mass, static indentation
pressure, and density of the targc¢. This is just one example of
a vast amount of empirical research being conducted dealing with
cratering; other references are to be found in the literature.

In addition to studies of projectile-plate impact at ballistic

velocities, a great deal of work has been conducted in recent years
dealing with hypervelocity impact. It is not the intent of this
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paper to consider this subject area although some work of this
nature should be cited for reference. Maiden, McMillan, and
Sennett (221) have conducted a theoretical and experimental program
on thin sheet and multiple sheet impact by hypervelocity projec-
tiles. Riney and Heyda (222) have carried out hypervelocity impact
calculations in an attempt to correlate them with experiments
involving the impact of a cylinder into a plate. For further
research in this area the reader is referred to the proceedings

of the several symposia on hypervelocity impact.
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IV. Related Problems in Impact

A. Thermal effects

Most research on behavior of materials and systems under impact
has neglected the thermal effects which are present to some degree
in all impact phenomena. Because of the short duration of the processes
of deformation and flow, it is usually reasonable to restrict analyses
of wave propagation and impact phenomena to the isothermal case. This
assumption is usually justified for slow processes within the range of
elastic behavior of a material, where temperature changes are small;
however, larger temperature changes may be expected when the material
undergoes plastic deformation because of the dissipation of energy.
Observable nacroscoplc temperature increases have resulted from local
temperature changes in the vicinity of slip planes. Because of this
heat generated, Diilon (223) has found it necessary to consider the
coupling between the thermal and mechanical fields and has considered
the conservation of energy in improving isothermal plasticity with a
coupled thermoplasticity theory. Dillion (224) has studied the heat
generated and the rates of heat generation and plastic work from slow
torsional oscillations of annealed copper tubes into the plastic region.
The observations of temperature are made under nearly adiabatic conditions
and have been found to be in good agreement with a more generalized
thermoplasticity theory. The experimental technique used for measuring
small temperature changes within the linear range of material response
is presented by Dillion and Tauchert (225) and shows excellent agreemtn
with linear thermoelastic theory.

Recht (226) has studied the heat generated during dynamic
deformation and catastropic shear, which occurs when local temperature
gradients offset the strengthening effects of strain-hardening.
BExperiments on steel and titanium via the machining of specimerns
have shown that titanium and its alloys are particularly sensitive
to catastrophic shear; it has been noted that catastrophic slip is
an influential deformation mechanism during ballistic impact.

On the subject of theories incorporating thermal effects, Fine
and Kraus (227) present the dynamic behavior of a medium according
to an uncoupled thernop1a5t1c theory and compare it to the results
from an uncoupled quasi-static analysis. They have solved the
problem of a constant theat input at the boundary of an elastic,
perfectly plastic medium to illustrate the role of the inertia terms
in the solution. Lee and Liu (145) have developed relations for
waves of plapme strain including both finite elastic and plast1c
strains and have included thermo-mechanica:t coupling effects in a
generalired theory, although no explicit solutions have been
presented.



B. OQther wmaterials

The research described in this report dealing with behavior
of materials and systems under impact loading has dealt with pure
metals and alloys almost exclusively. The reason for this is the
attempt at reproducibility of data from investigation to investi-
gation. In recent years, new materials have been developed for
specific applications and some of these have found their way into
use in armor systems. Foremost anong this new breed of materials
have been the fibre or filament reinforced composites. With little
a priori knowledge of their dynamic properties some cof them have
found application in energy absorbing systems such as lightweight
armor although they have originally been designed specifically for :
strength purposes. Gupta and Davids (228) conducted an experimental.
study of the penetration resistance of fiberglass-reinforced plastic
against small-caliber projectiles and found that their weight
efficiency was better than that of steel in stopping a projectile.
McMillan et al (229) conducted hypervelocity impact studies on
tubular stainless-steel targets armored with several types of
internally reinforced beryllium including rings of mesh and uni-
formly dispersed filaments. In this case, however, the reinforced
targets showed little reduction inp damage compared with the un-
reinforced targets. In yet another study, Stepka (230) evaluated
the impact-fracture characteristics of liquid-filled tanks with
walls of several fi)ament-reinforced plastic materials and compared
them with those of a aluminum alloy tank. Under impact of pro-
jectiles at velocities up to 6500 ft/sec., one of the composites
was most resistant to fracture damage while another composite was
least resistant. These studies indicate some of the potential
applications of composite materials, but a knowledge of the
mechanics of their dynamic behavior is required before they can be
intelligently designed and appiied in structural systems under impact.

Up to now, little research has been conducted dealing with
dynamic materials properties of composites, although several
investigators are known to be involved in this new area at present.
Abbott and Broutman (231) conducted an experimental study of wave
propagation in a filament reinforced composite and calculated an
apparent dynamic modulus on the basis of surface strain gage
measurements. Plunkett and Wu (232) studied the attenuation of
plane waves in a composite bar having a thin viscoelastic layer
connecting a cylinder to an outer serrated ring.

The attenuation or dispersion of stress waves in fiber rein-
forced composite materials makes them likely carndidates for
application in structural systems where spalling is a problem.
This desirable mechanical property can be attributed to the use of
fibers having elastic moduli much higher than those of the matrix
materiai. This impedance mismatch in a multiphase system has been
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studied in the simple situation of plane waves in layered media.
Zvelinski and Rykov {233) have studied the reflection and refractlon
of an incident plastic wave at an interface of two different
materials. Kinslow (234) studied the. stress waves through a
matcerial composed of alternate layers of two dlfferent materials.

A layecred material was found to have much better resistance to
spalling than a homogeneous material if the alternate layers had
grossly different moduli. The same principle is felt. to apply in
both fibre reinforced or particulate filled compos1tes if the

filler and matrix are of different materials. :

A limited amount of research has been conducted dealing with
dynamic properties of fibrous materials. Coskren and Chu (235)
have performed impact experiments on glass fibre and other webbing
materials to determine their impact and energy absorbing character-
istics. Petterson and coworkers (236) have studied textile
materials under high-speed impact and the forms of energy absorbtion
involved thercin. They found that 40% of the energy of a bullet
is absorbed by the transversely displaced portion of the fabric in
motion., Other forms of energy dissipation were the strain energy
in transverse motion kinetic energy of fibres, and heat. It is
felt that further research on dissipation in fibres under impact
and their proper incorporation into composite materials systems
may. lead to better and more efficient structural systems to resist
high speed impacts.

Another class of materials for which little is known regarding
dynamic mechanical properties is ceramics or brittle materiais. The
dynamic merhanical testing of these materials is one of the
difficult 'problem areas because of the small strains involved at
fraciure. Abbott and Cornish (237) have used a stress wave
technique for determining the dynamic tensile strength of aluminum
oxode. No rate dependence was noted from measurements with foil
type strain gages up to strain rates of 100 in/in/sec. Sedlacek
(238) has determined the tensile strength of alumina using hydrauli-
cally expanded cylindrical test specimens, and although a rate-
dependence has becen reported, the results are scattered and highly
uncertain,

In the subject area of wave propagation in materials it is to
be noted that nearly all the efforts dealing with non-linear and
inelastic stress wave propagation have been confined to one-
dimensional cases. An exception to this is the work of Aggarwal
et al (239) who have investigated wave propagation in two-dimensions
using a bi-linear plasticity theory. They have solved the problem of
a plane wave up to the elastic lixit scattered by a rigid cylinder
and have used a bi-linear stress strain curve for both the deviatoric
and dilational parts of the stress tenscr.
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C. Numerical techniques

' The mathematics involved in- the analysis of problems in-’
volving non-linear and inelastic materials and structures is
highly complex and often unwieldly; it is therefore not surprising
to find that the class of problems which have been solved involve
idealizations and simplifications of the actual physical situation.
Thus, in the study of materials behavior, materials are often
classified as either non-linear but time independent or time
dependent but lincar; materials with yield points are often
treated as elastic-plastic or rigid-plastic. To combine the
actual properti s into complex structural systems leads to mathe-
matical difficulties often beyond the scope of current analytical
capabilities. Some of these difficulties have been circumvented
through the use of high speed digital computers on which calcul-
ations can be carried out numerically for highly complex problems.
Baron et al (240) have developed a particle in cell code for
impact or blast problems involving large displacements and velocities
when the behavior of the material is essentially hydrodynamic.
Davids and Mehta (241) have developed a direct numerical method for
analyzing stress wave propagation in solid bodies by incorporating
the governing physical laws directly into the computer program.
This program has been used to study cylindrical and spherical
waves in an elastic medium and the solutions obtained compare
favorably with known analytical solutions (242). Riney (243) has
performed numerical calculations for hypervelocity impact problems
by considering only hydrostatic stresses using a visco-plastic
model for the material. Wilkins (244) has developed a computer
code to handle calculations including elastic and plastic components
of stress in the resulting difference equations. Ting and Symonas
(245) have developed a numerical technique for analyzing impact on
finite visco-plastic rods when the strain rate is a non-linear
function of stress and strain.

Finally, in the area of dynamic response of structures,
Witmer and coworkers (181) have developed an elaborate set of
computer programs to analyze the elastic-plastic response of a
large variety of simple structures to an impulsive type load
where the materials properties can be represented by a stepwise
linear stress-strain curve.

D. Research in the future

After examining this large body of literature related to the
problem of ballistic impact, the question arises as to what our
present day capability is for znalyzing an impact phenomenon and
what information is lacking in our understanding of terminal
ballistics.

Continuing efforts in developing more sophisticated three-
dimensional computer codes promise to lead to better correlation
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betwee? analysis and experiment when more realistic information |
regarding materials properties is programmed inin the computer. . °
This in turn puts a greater demand on the materiais engineer K
for developing more realistic three-dimensional constitutive
rclations and equations of state. The questions of rote
dependence in metals, the validity of surface strain versus
average strain measurements in a bar, the forms of the unloading
curves in dynamic iesting, and the three-dimensional dynamic
response of materials are all likely to receive continuing
attention.

The entire field of the dynamic behavior of composite and
mul tiphase materials is relatively unexplored. Much work in the
micromechanics or "microdynamics" of composites is necessary to
explain their behavior under impulsive loading and the dispersion
of waves in such materials. Because of the potential value of
these materials in resisting spall and the current development
of three-dimensionally reinforced composites, this area can be
expected to receive much attention.

The metallurgical aspects of high speed impact and the
relations between dislocation motion, plastic deformation, and
continuum theory are other subjects that can be expected to
receive additional attention in the future.

Finally, the biggest and most important problem will be
the combining of knowledge from the many diversified fields and
arriving at analyses of ballistic impact phenomena which consider
the mechanical, thermal, and metallurgical aspects of the problem
and which are sufficiently realistic in their assumptions to be
able to relate to ballistic testing. It is the bridging of the
wide gap between fundamental research on dynamic behavior of
materials and analytical analyses of the dynamics of structural
systems on the one hand and actual ballistic testing on the other
that must be accomplished. If this approach is realized, it is
to be expected that the design of new and better armor systems
can be put on a more rational and intelligent basis rather than
depending on the present day trial and error type of approach.

38



A P

e

mp

LR Y

1 e T SR

Ry

2

N ) SRR R Sy

SEETREE AN ST - 1 IR AN 71U e 3 1

10,

11.

bt
to

13,

14,

1s,

16.

REFBRENCES

Goldspith, W., Impact, Edw~rd Armold, London, 1960.

Ripehart, J. S, and Pearson, J., Behavior of Metals Undex
Impulsive Loads, Amer. Soc. Metals, Cleveland, 2754,

Kolsky, H., Stress Waves in Solids, Clarendon Press, Oxford,
1953,

Kornhaucer, M., Structural Effects of Impact, Spartan, Baltimcre,
1964.

Huffington, N. J. Jr., ed,, Behavior of Materials Under Dynamic
Loading, ASME, New York, 1965,

Shewmon, P, G, and Zacka . -, F., eds., Response of Metals to
High Velocity Deformation, /nterscience, New York, 1961.

Symposiun on Dynamic Behavior of Materials, ASTM Special Tech.
Pub. No., 336, ASTM, 1963,

Proceedings of the Conference oa the Properties of Materials at
High Rates of Strain, Institution of Mechanical Engineers,
London, 1957.

Kolsky, H, and Prager, W., eds., Stress Waves in Anelastic
Solids, IUTAM Symposium, Springer-Verlag, Berlin, 1964.

Davids, N., ed., International Symposium on Stress Wave Propaga-
tion in Materials, Interscience, New York, 1960,

Proceedings of Symposium on Structural Dynamics under High Impulse
Loading, Report No. ASD-TDR-63-140, Wright-Patterson Air Force
Base, May 1963,

Hopkins, . G., "Nub-Lipear Stress-wave Propagatio 8 Metals"

n 3 in
Progress in Applied Mechanics, Prager Anniversary Volume, Macmillan,
New York, 19063,

Kolsky, H., "The Propagation of Mechanical Pulses in Arelastic
Solids" in Reference 5.

Kolsky, H., "BExperimental Studies in Stress Wave Propagation,"
Proc. 5th U,S. Nat. Cong. Appl. Mech., p. 21, 1966.

Kolsky, H,, "Stress Waves in Solids,” J, Sound Vibration, 1, 88-110
(1964),

Krafft, J, M,, ''Instrupentation for High-Speed Strain Measurement"”

in Reference O,

39




17.

18,

19.

20,

21,

22,

23,

24.

25.

29.

st e ——
o

30.

T SR AT s e
n
[
.

Braslau, D,, "Phenomena Occurring at Explosive Metal Interfaces
(Strain-Rate Dependency in Metals)," Report No. AFATL-TR-66-83,
Vol, II, Bglin Airx Fozce Base, Sept. 1966,

Craggs, J. W., "Plastic waves" in Progress in Solid Mechanics,
vol, II, I. N. Sneddon and R. Hill, eds., North-Holland Publish- !
ing Co,, Amsterdam, 1961, ‘

Duvall, G. E., "Shock Waves in the Study of Solids" in Applied |
Mechanics Surveys, Spartan Books, Wash, D.C., 1966. i

Hunter, S. C., "Viscoelastic Waves,'" in Progress in Solid
Mechanics, Vol. I, North-Holland Publishing Co., Amsterdan,
1961.

Kolsky, H., "The Propagation of Stress Waves in Viscoelastic
Solids' in Applied Mechanics Surveys, Spartan Books, Wash, D.C,,
1966.

Abramson, H. N., H, J. Plass, and E. A. Ripperger, "Stress
Wave Propagation in Rods and Beams'" in Advances in Applied
Mecinanics, Vol. S, Academic Press, New York, 1958,

Hopkirs, H, G,, "Dynamical Bxpansion of Spherical Cavities in
Metals'" in Progress in Solid Mechanics, Vnl. I, North-Holland
Publiishing Co., Amsterdam, 1960,

Cristescu, N,,; "Buropean Contributions to Dynamic Loading and
Plastic Waves" in Plasticity, 7. H. Lee and P. S. Symonds, eds.,
Pergamon Press, New York, 196’

Hopkins, H. G., '"Dynamic Nonelastic Deicvrmations of Metals" in
Applied Mechanics Surveys, Spartan Books, wash, D.C., 1966.

Goldsmith, w,.,, "Impactt The Collision of Solids," Appl. Mech, .
Rev., 15, B855-866 (1963). :

Sainct-Venant, B. de, ""Choc Longitudinal de Deux Barres
Elastiques,'" Comptes Rendus, 66, 650-653 (18¢€8).

Hopkinson, J., "On the Rupture of Iron Wire by a Blow," Coll,
Sci, Papers, Cambridge University Press, 2, 316-324 (1301).

Donnell, L, H., "Longitudinal Wave Transmission and Impact,"
Trans A.S.M.E., 52, 153-167 (1930).

Karman, T, von, "On the Propagation of Plastic Deformation in
Solids,' Nat, Defense Res. Council Report, A-29, Feb. 1942,

Taylor, G, X., "The Plastic Wave in a Wire Extended by an

Impact Load," Britlish Mipistry of Heome Sccurity, Civil
Defense Res, Comm, Report R.C. 329, 1942,

40




o o SRR

32,

33,

34.

35,

36.

37.

38,

39.

40,

41.

42,

43,

44.

Rakhmatulin, K. A., "Propagation of a Wave of Unloading,"

‘Prik, Mat, Mekhr, 9, 91-100 (1945)(in Russian).

Skobeev, A, M., "On the Thecry of Unloading Waves," Prik.
Mat, Mekh., 26, 1605-1616 (1962).

White, M. P. and Griffis, LeVan, "The Propagation of Plas-
ticity in Uniaxial Compression," J. Appl. Mech,, 15, 256-
260 (1948).

Lee, E. H. and Tupper, S. J., "Analysis of Plastic Deforma-

tion in a Steel Cylinder Striking a Rigid Target," J. Appl.
Mech., 21, 63-70 (1954).

Duwez, P, F. and Clark, D. S., "An Bxperimental Study of
the Propagation of Plastic Deformation under Conditions of
Longitudinal Impact," Pxoc., A.S.T.M., 47, 502-532 (1947).

Karman, T. von and Duwez, P., "The Propagation of Plastic
Deformation in Solids," J. Appl. Phys., 21, 987-994 (1950).

Campbell, W. R., "Determination of Dynamic Stress-Strain
Curves from Strain Waves in Long Bars," Proc. S.E,S.A., 10,
113-124 (1952),

Bell, J. F., "Propagation of Plastic Waves in Prestressed
Bars," Tech. Report No. 5, HG-ONR-243, VIII, The John Hopkins
University, Baltimore, Md,, 1951,

Sternglass,E., J. and Stuart, D. A., "An Experimental Study
of the Propagation of Transient Longitudinal Deformations in
Elastoplastic Media," J, Appl. Mech., 20, 427-434 (1953).

Alter, B, E. K. and Curtis, C, W., "Effect of Strain Rate on
the Propagation of a Plastic Strain Pulse along a Lead Barx,"
Je. Appl. Phys., 27, 1079-1085 (1956).

Malvern, L. E., "Plastic Wave Propagation in a Bar of
Material Exhibiting a Strain Rate Effect,'" Quart. Appl.
Math., 8, 405-411 (1951).

Malvern, L. E., "The Propagation of Longitudinal Waves of
Plastic Deformation in a Bar of Material Exhibiting a Strain-
Rate Effect," J. Appl., Mech.,, 18, 203-208 (1951).

Plass, H. J. Jr., "Longitudinal Plastic Waves in Long Rods
of Strain-Rate Dependent Material," Proc. 4th Midwest Conf,
Solid Mech., p. 331, 1959,

41



46.

48,

49,

S0.

51.

52,

56.

57.

58,

59.

Lubliner, J., "A Generalized Theory of Strain-Rate-Dependent

Plastic Wave Propagation in Bars," J. Mech. Phys. Solids, 12,
590-65 (1964).

TIing, T. C. T. and Symonds, P. S., '"Longitudinal Impact on
Viscoplastic Rods - Lirear Stress-Strain Rate Law,” J. Appl.
Mcch., 2, 199-207 (1964).

Symonds, P. S. and Ting, T. 2. T., '"Longitudinal Impact on
Viscoplastic Rods - Approximate Methods and Comparisons,"
J. Appl. Mech., 4, 611-620 (1964).

Bell, J. F., "The Dynamic Plasticity of Metals at High Strain
Ratesy An Bxperimental Generalization" in Reference 5.

Hopkins, H. G., '"Mechanical Waves and Strain-Rate Effects in
Matals" in Reference 9.

Ripperger, E. A., "Current Research on Plastic Wave Propaga-
tion at the University of Texas Part II. BExperimental Gtudies
of Plastic Wave Propagation in Bars" in Plasticity, E. H.
Lee and P. S. Symonds, ~ds., Pergamon Press, New York, 1960.

Ripperger, E. A., "Dynamic Plastic Behavior of Aluminum,
Copper, and Iron" in Reference 5.

Malvern, L. E., "BExperimental Studies of Strain-Rate Effects
and Plastic-Wave Propagation in Annealed Aluminum" in Refer-
ence 5.

Bell, J. F., "Propagation of Plastic Waves in Solids,"

Bell, J. F., "Propagation of Large Amplitude Waves in
Annealed Aluminum," J. Appl. Phys., 31, 277-232 (1960).

Bell, J. F., '"Determination of Dynamic Plastic Strain through
the Use of Diffraction Gratings," J. Appl. Phys., 27, 1109-
1113 (1956).

Bell, J. F., "Single, Temperature-Dependent Stress-Strain Law
for the Dynamic Plastic Deformation of Annealed Face-Centered
Cubic Metals," J. Appl. Phys., 34, 134-141 (1963).

Sperrazza, J., "Propagation of Large Amplitude Waves in Pure
Lead," Proc. 4th U.S, Nat. Cong. Appl. Mech., p. 1123, 1962,

Bianchi, G., "Some Experimental and Theoretical Studies on
the Propagation of Longitudinal Plastic Waves in a Strain-
Rate Dependent Material" in Reference 9.

Bodner, S. R. and Clifton, R. J., "An BExperimental Investiga-
tion of Elastic-Plastic Pulse Propagation in Aluminum Rods"

Jo Appl - mCh. » 34, 91"99 (1967) L J

42



60. Clifton, R. J. and Bodner, S. R., "An Analysis of Longitudinal

Elastic-Plastic Pulse Propagation," J. Appl. Mech., 33, 248-
255 (1966).

61, Mindlin, R. D. and Herrmann, G., "A One-dimensional Theory of

Compressicnal Waves in an Elastic Rod," Proc. lst US- Nat, Cong.
Appl. Mech., p. 187, 1951,

62, Skalak, R., '"Longitudinal Impact of a Semi-Infinite Circular
Elastic Bax," J. Appl. Mech., 79, 59-64 (1957).

63. Zachmanoglou, E, C., and Volterra, B,, "An Engineering Theory
of Longitudinal Wave Propagation in Cylindrical Blastic Rods,"
Proc, 3xrd U.,S. Nat. Cong. Appl. Mech., p. 239, 1958,

64. Miklowitz, J., "On the Use of Approximate Theories of an
Elastic Rod in Problems of Longitudinal Impact," Proc. 3xd
U.S. Nat. Cong. Appl. Mech,, p. 215, 1958,

65. Folk, R., G, Fox, C. A. Shook, and C, W. Curtis, "Blastic
Strain Produced by Sudden Application of Pressure to One End
of a Cylindrical Bar," J, Acoust. Soc. Am., 30, 552-563
(1958).

66. Onoe, M., H., D. McNiven, and R, D. Mindlir, '"Dispersion of
Axially Symmetric Waves in Elastic Rods," J. Appl. Mech.,, 29,
729-734 (1962),

67. Kaul, R. K., "On the Propagation of Pressure Pulses in Circu-
lar Elastic Rods," Z,A.M,P., 14, 7C4-713 (1963).

68, Kanl, R. J. and McCoy, J. J., "Propagation of Axisymmetric
Waves in a Circular Semiinfinite BRlastic Rod," J, Acoust,
Soc. Am,, 36, 653-660 (1964),

69. Heimann, J. H. and Kolsky, H., "The Propagation of Blastic
Waves in Thin Cylindrical Shells," J. Mech, Phys, Solids, 14,
121-130, 1966,

70. Graham, R, A, ard Ripperger, BE. A., "A Comparison of Surface
Strains to Average Strains in Longitudinal Elastic wave Propa-
gatiocn," Proc. 4th Midwest Conf. Solid Mech., p. 382, 1939,

71. Plass, H, J. Jr., "Current Research on Plastic Wave Propaga-
tion at the University of Texas Part I. A Theory of Longitudi-
nal Plastic Waves in Rods of Strain-rate Dependent Material,
Including Effects of Lateral Inertia and Shear" in Plasticity,
E. H. Lee and P, S, Symonds, eds., Pergamon Press, New York,
1960,

43



VNI ATt

77,

78.

8l.

82.

83,

84.

85,

Papirno, R. and Gerard, G., "Dynamic Stress-Strain Phenomena

and Plastic Wave Propagation in Metals," Trans. A
. A.S. M,
381-40% (1961, ’ 2%

Tapley, B. D. and Plass, H. J. Jr., "The Propagation of
Plastic Waves in a Semi-Infinite Cylinder of Strain-Rate-
Dependent Material" in Developments in Mechanics, Vol. 1,
Plenum Press, New York, 1961,

Tapley, B. D., "The Preopagation of Plastic Waves in Finite
Specimens of a Strain-rate Dependent Material," Proc. 4th
U.S. Nat. Cong. Appl. Mech., p. 1137, 1962,

DeVault, G. P., "The Effect of Lateral Inertia on the Propa-
gation of Plastic Strain in a Cylindrical Rod," J. Mech.
Phys. Solids, 13, 55-68 (1965).

Truesdell, C., "General and Exact Theory of Waves in Finite
Elastic Strain," Axrch. Rat. Mech. Anal., 8, 263-296 (1961).

Bell, J. F., '"Study of Initial Conditions in Constant
Velocity Impact," J. Appl. Phys., 31, 2188-2195 (1960).

Bell, J. F., "Experiments on Large Amplitude Waves in Finite
Elastic Strain,'" Proc. Sym. .on 2nd Order Effects, IUTAM,
p. 173, 1962.

Bell, J. F., "The Initiation of Finite Amplitude Waves in
Annealed Metals" in Reference 9.

Bell, J. F. andSuckling, J. H., "The Dynamic Overstress and
the Hydrodynamic Transition Velocity in the Symmetrical
Free Flight Plastic Impact of Annealed Aluminum,'" Proc. 4th
U.S. Nat. Cong. Appl. Mech., p, 877, 1962,

Ripperger, E. A., "The Propagation of Pulses in Cylindrical
Bars - An Experimental Study," Proc. lst Midwest Conf.
Solid Mech., p. 29, 1953.

Kolsky, H. and Douch, L. S,, "Experimental Studies in Plas-
tic Wave Propagation," J. Mech., Phys. Solids, 10, 195-223
(1962).

Johnson, J. E., D. S. Wood, and D. S. Ciark, "Dynamic Stress-
Strain Relations for Annealed 2 S Aluminum Under Compression
Impact," J. Appl. Mech., 20, 523-529 (1953).

Kolsky, H., "An Investigation of the Mechanical Properties of
Materials at Very High Rates of Loading," Prcc. Phys. Soc.
London, 62, B, 676-700 (1949).

Davies, E. D. H. and Hunter, S. C., "The Dynamic Compression
Testing of Solids by the Method of the Split Hopkinson
Pressure Bar," J. Mech. Phys. Solids, 11, 155-179 (1963).

44



86.

87.

88,

89.

90.

91.

92,

93.

94.

95.

96.

97.

98.

Chiddister, J. L. and Malvern, L. E., "Compression-impact

Testing of Aluminum at Elevated Temperatures," Bxpt. Mech.,
3, 81-90 (1963).

Davidson, D. L., U. S. Lindholm, and L. M. Ycakley, "The
Deformation Behavior of High Purity Polycrystalline Iron
and Single Crystal Molybdenum as a Function of Strain Rate
at 3000K," Acta Metallurgica, 14, 703-710 (1966).

Lindholm, U. S., "Dynamic Deformation of Metals" in Refer-
ence 5.

Lindholm, U. S., '"Some Exmweriments with the Split Hopkinson
Pressure Bar," J. Mech. P’hvs, Solids, 12, 317-335 (1964).

Lindholm, U. S. and Yeakley, L. M., "Dynamic Deformztion of
Single and Polycrystalline Aluminum," J. Mech. Phvs. Solids,
13, 41-43 (1965).

Larsen, T. L., S. L. Rajnak, F. E. Hauser, and J. E. Dorn,
"Plastic Stress/Strain-Rate/Temperature Relations in H. C. P.
Ag-Al Under Impact Loading," J. Meck. Phvs. Solids, 12,
361-376 (1964).

Karnes, C. H. and Ripperger, E. A,, "Strain Rate Effects in
Cold Worked High-Fuwity Aluminum," J. Mech. Phys, Solids,
14, 75-88 (1966).

Hauser, F. E., J. A. Simmons, and J. A. Dorm, "Strain Rate
Effects in Plastic Wave Propagation'" in Reference 6.

Conn, A, F., 'On the Use of Thin Wafers to Study Dviamic
Properties of Metals," J. Mech. Phys. Solids, 13, 11-327
(1965).

Hauser, F. E., "Techniques for Measuring Stress-Stvain
Relations at High Strain Rates," Expt. Mech., 6, '5-402
(1966).

Alder, J. F. and Phillips, V. A., "The Effect of Strain-Rate
and Temperature on the Resistance of Aluminum, Copper and
Steel to Compression,'" J. Inst. Metals, 83, 80-86 (1954-55).

McLellan, D. L., "Constitutive Equations for Mechanical
Properties of Structural Materials," A.I.A.A. J., 5, 446-450
(1967).

Maiden, C. J. and Green, S. J., "Compressive Strain-Rate
Tests on Six Selected Materials at Strain Rates From 10-3 to
104 In/In/Sec," J. Appl. Mech., 33, 496-504 (1966).

45



100,

101 .

102,

103,

104.

105.

1%.

107.

108.

109.

110.

111.

112.

Costello, B. de L., "Yield Strength of Steel at an Bxtremely
High Rate of Strain" in Reference 8.

Campbell, J. D. and Duby, J., "Delayed Yield and Other
Dynanic Loading Phenomena in a Medium-carbon Steel" in
Reference 8.

Taylor, D, B. C., "Non-uniform Yield ir. a Miid Steel under

Dynamic Straining" in Reference 8.

Taylor, D. B. C. and Malvern, L. E., "Dynamic Stress and
Deformation in a Mild Steel at Normal and Low Temperatures"
in Reference 6. ‘

Bell, J. F. and Stein, A., "The Incremental Loading Wave in

the Pre-Stressed Plastic Field," J, Mecanigue » 1, 395-412
(1962).

Rubin, R. J., "Propagation of Longitudinal Deformation Waves
in a Prestressed Rod of a Material Exhibiting a Strain-Rate
Effect," J. Appl. Phys., 25, 528-536 (1954).

Hunter, S. C. and Johhson, I. A., "The Propagation of Small
Amplitude Elastic-Plastic Waves in Pre-Stressed Cylindrical
Bars" in Reference 9.

Riparbelli, C., "On the Time Lag of Plastic Deformation,"
Proc. lst Midwest Conf. Solid Mech., p. 148, 1953.

Dillon, O. W. Jr., "Expcrimental Data on Aluminum as a
Mechanically Unstable Solid,"™ J. Mech. Phys. Solids, 11,
289-304 (1963).

Sharpe, W. N. Jr., "The Portevii. - Le Chatelier Effect in
Aluminum Single Crystals and Polycrystals," J. Mech. Phys.
Solids, 14, 187-202 (1966).

Kenig, M. J. and Dillon, O. W. Jr., "Shock Waves Produced by
Small Stress Increments in Annealed Aluminum," J. Appl.
Mech., 33, 907-916 (1966).

Dillon, O. W. Jr., "Waves in Bars of Mechanically Unstable
Materials," J. Appl. Mech.,' 33, 267-274 (1966).

Cottrell, A. H., "Deformation of Solids at High Rates of
Strain" in Reference 8.

Simmons, J. A., F. Hauser, and J. E. Dorn, '"Mathematical
Theories of Plastic Deformation Under Impulsive Loading,"
University of California Publication vol. 5, no. 7, pp.
177-230, 1962.

46



114.

115.

116.

117.

118.

119.

120,

121.

122,

123.

124.

125.

126.

127.

128.

Lee, E. H. and Wolf, H., "Plastic Wave Propagation Effects in
High Speed Testing," J. Appl. Mech., 18, 379-386 (1951).

Riparbelli, C., "A Paradox in the Theory of Impact," J.
Aeronautical Sci., 21, 429-430 (1954).

Bell, J. F., "On the Direct Measurement of Very Large Strain
at High Strain Rates," Expt. Mech., 7, 8-14 (1967).

Bell, J. F., Discussion of "Instrumentation for High-Speed
Strain Measurement" in Reference 6, p. 48.

Bell, J. F. Discussion of "Experimental Studies of Plastic
Wave Propagation in Bars" in Plasticity, E. H. Lee and P. S.
Symonds, eds., Pergamon Press, New York, 1960, p. 485.

Malvern, L. E. and Efron, L., "Longitudinal Plastic Wave

Propagation in Annealed Aluminum Bars," Michigan State University

Tech. Rep. No. 1, NSF Grant G-24898, 1964.

Ripperger, E. A. and Yeakley, L. M., '"Measurement of Particle
Velocities Associated with Waves Propagating in Bars," Expt.
Mech., 3, 47-56 (1963).

Bell, J. F., "An Experimental Diffraction Grating Study of the
Quasi-Static Hypothesis of the Split Hopkinson Bar Bxperiment,"
J. Mech. Phys. Solids, 14, 309-327 (1966).

Skidmore, I. C., "An Introduction to Shoclt Waves in Solids,"
Appl. Mat. Res., 4, 131-147 (1965).

Pack, D. C., W. M. Bvans, and H. J. James, "The Propagation
of Shock Waves in Steel and Lead," Proc. Phys. Soc. London,
60, 1-8 (1948).

Wood, D. S., "On Longitudinal Plane Waves of Elastic-Plastic
Strain in Solids," J. Appl. Mech., 19, 521-525 (1952).

Morland, L. W., "The Propagation of Plane Irrotational Waves
Through an Elastoplastic Medium," Phil. Trans. Roy. Soc.
London, A, 251, 341-383 (1959).

Allen, W. A., "Free Surface Motion Induced by Shock Waves in
Steel," J. Appl. Phys., 24, 1180-1185 (1953).

Minshall, S., "Properties of Elastic and Plastic Waves Deter-
mined by Pin Contactors and Crystals," J. Appl. Phys., 26, 463-
469 (1955).

Mallory, H. D., "Propagation of Shock Waves in Alunlnun v J.
Appl. Phys., 26, 555-559 (1955).

Allen, W. A., J. M. Mapes, and E. B. Mayfield, "Shock Waves in
Air Produced by Waves in a Plate," J. Appl. Phys., 26, 1173-
1175 (1955).

47

. TR T S



129,

130,

131.

132,

133,

134,

135.

136,

137,

138,

139,

140.

141.

Duvall, G. E., "Some Properties and Applications of Shock
Waves" in Reference 6.

Walsh, J. M. and Christian, R. H., "Equation of State of

Metals from Shock Wave Measurements.'" Phys. Rev., 97, 1544-
1556 (1955).

Ric?, M. H., R. G. McQueen and J. M. Walsh, "Compression of
Solids by Strong Shock Waves," Solid State Physics, vol. 6,

F. Seitz and D. Turnbull, eds., Academic Press, New York,
1958,

Walsh, J. M., M. H.-Rice, R. G. McQueen, and F. L. Yarger,
""Shock-wave Compression of Twenty-seven Metals.Equations of
State of Metals," Phys. Rev., 108, 196-216 (1957).

McQueen, R. G. and Marsh, S. P., "Equation of State for Nine-
teen Metallic Elements from Shock-Wave Measurements to Two
Megabars," J. Appl. Phys., 31, 1253-1269 (1960).

Fowles, G. R., "Shock Wave Compression of Hardened and Annealed
2024 Aluminum," J. Appl. Phys., 32, 1475-1487 (196l).

Duvall, G. E., "Propagation of Plane Shock Waves in a Stress-
Relaxing Medium" in Reference 9.

Lee, E. H., and Liu, D. T., "An 3xample of the Influence of
Yield on High Pressure Wave Propagation" in Reference 9.

Hartman, W, F., "Determination of Unloading Behavior of
Uniaxially Strained 6061-T6 Aluminum from Residual Strain
Measurements,”" J. Appl. Phys,, 35, 2090-2096 (1964).

Jones, O, E. and Holland, J. R., "Bauschinger Effect in
Explosively Loaded Mild Steel," J. Appl. Phys., 35, 1771-1773
(1964).

Barker, L. M., C. D. Lundergan, And W. Herrmann, "Dynamic
Response of Aluminum," J. Appl. Phys., 35, 1203-1212 (1964).

Barker, L. M,, B. M, Butcher, and C. H. Karnes, '"Yield-Point
Phenomenon in Impact-Loaded 1060 Aluminum," J., Appl. Phys.,
37, 1989-1991 (1966).

Fowles, G. R. and Isbell, W. M,, "Method for Hugoniot Equation-
of-State Measurements at Extreme Pressures," J. Appl. Phys.,
36, 1377-1379 (1965).

Al'tshuler, L. V., A. A, Bakanova, and R. F. Trunin, "Shock
Adiabats and Zero Isotherms of Seven Metals at High Pressures,"
Soviet Phys. JETIP, 15, 65-74 (1962).

48



143,

laa,

145,

146,

147.

148,

149.

150.

151.

152,

153.

154,

155.

156.

Appleton, A.5. "The Metallurgical Effects of Shock Waves,"
Appl.Mat. Res., 4, 195.201 (1965)

Lee, BE.H., "Elastic-Plastic Waves of One-Dimensional Strain,"
Proc, Sth U.S. Nat, Cong. Appl. Mech., p. 405,1966.

Lee, E. H,, and Liu, D. T., "Finite Strain Elastic-Plastic
Theory with Application to Plane-Wave Analysis, J. Appl. Phys.,
38, 19-27 (1967).

Rakhmatulin, K. A., "On Oblique Impact Upon a Flexible String
with Large Velocity in the Presence of Friction," Prik. Mat, Mekh.
9, 449-462 (1945) (in Russian).

Craggs, J. W., "Wave Motion in Plastic-Elastic Strings," J. Mech.
Phys. Solids, 2, 286-295 (1954).

Ringleb, F.O., "Motion and Stress of an Elastic Cable Due to
Impact," J. Appl. Mech., 24, 417-426 (1957).

Li, W.H., "Elastic Flexible Cable in Plane Motion Under Tension,"
J. Appl, Mech., 26, 587-592 (1959).

Smith, J.C.,C.A. Fenstermaker, and P.J. Shouse, "Stress~
Strain Relationships in Yarns Subjected to Rapid Impact Loading,"
Textile Res. J., 35, 743-757 (1956).

Schultz, A.B., P.A. Tuschak, and A.A. Vicario Jr., "Experimental
Evalvation of Material Behavior in a Wire Under Transverse
Impact," To be published in J. Appl Mech.

Cristescu, N. '"Some Problems of the Mechanics of Extensible
Strings" in Reference 9.

Karunes, B. and Onat, E.T., "Plastic Wave Proagation Effects in
Transverse Impact of Membranes," J. Appl. Mech., 27, 172-176
(1960).

Wolf, H., "The Propajation of Torsional Plastic Waves in Circular
Cylindrical Tubes and Shafts," Tech. Report No 50, Contract
N7onr-358, Graduate Div. Appl. Math., Brown University, April,
1850.

Rakhmatulin,K,A., "On the Propagation of Cylindrical Waves with
Plastic Deformations (Torsional Impact)," Prik. Mat. Mekh.,
12, 39-46 (1948) (in Russian).

Calvert, N.G., "Impact Torsion Experiments," Proc., Inst. Mech.
Eng., 169, 897-902 (1955).

49



158,

159.

160,

161.

162,

163.

164,

165.

166.

167.

168,

169.

170.

171.

Calvert, N.G., "Bxperiments on the Bffect of Rate of Testing
on the Criterion of Failure of Certain Mild Steels when Subject
to Dynamic Torsion and Static Tensile Stresses, "Proc. Inst.
Mech Eng., 169, 903-907 (1955).

Taylor, D.B.C., "Tension and Torsion Properties of Some Metals

Under Repeated Dynamic Loading (Impact)," Proc. Inst. Mech. Eng.,
170, 1039-1051 (1956).

Baker, W.E. and Yew, C.H., "Strain-Rate Effects in the Propagation
of Torsional Plastic Waves," J. Appl. Mech., 33, 917-923 (1966).

Davis, C.D. and Hunter, S.C., "Assessment of the Strain-Rate
Sensitivity of Metals by Indentation with Conical Indenters,"
J. Mech. Phys. Solids, 8, 235-254 (1960).

Lifshitz, J. M. and Kolsky, H., "Scme Experiments on Anelastic
Rebound," J. Mech., Phys. Solids, 12, 35-43 (1964).

Yew, C.H. and Goldsmith, W., "Stress Distributions in Soft Metals
Due to Static and Dynamic Loading by a Steel Sphere, " J. Appl.
Mech., 31, 625-646 (1964).

Mok, C.H. "The Dependence of Yield Stress on Strain Rate as
Determined from Ball-indentation Tests," Expt. Mech., 6, 87-92
(1966).

Raftopoulos, D. and Davids, N. "Plastic Impact of Cylinders on
Rigid Targets," Tech. Report No. 1, Army Contract DA-18-001-AMC-
744(X), B.R.L., Aberdeen Proving Ground, Md., Dec. 1965.

Taylor, G. I., "The Use of Flat-Ended Projectiles for Determining
Dynamic Yield Stress I. Theoretical Considerations," Proc. Roy.
Soc. London, A, 194, 289-299 (1948).

Whiffin, A.C., "The Use of Flat-Ended Projectiles for Determining
Dynamic Yield Stress II. Tests on Various Metallic Materials,"
Proc Roy. Soc. London, A, 194, 300-322 (1948).

Theocaris, P.S., E. Marketes, and W. Gillich, "Shock Wave Propagation

in Perspex Spheres," int. J. Mech. Sci., 8, 739-749 (1966).

Lifshitz, J.M. and Kolsky, H., "The Propagation of Spherically
Divergent Stress Pluses in Linear Viscoelastic Solids, "J. Mech.
Phys. Solids, 13, 361-376 (1965).

Ciark, D.S. and Duwez, P.E., "The Influence of Strain Rate on
Some Tensile Properties of Steel," Proc. A.S.T.M., 50, 560-575
(1950).

Ensminger, R.R. and Fyfe, I.M., "Constitytive Model Evaluation
Using Cylindrical Stress Wave Propagation," J. Mech, Phys. Solids,
14, 231-238 (1966).

Niordson, F. I., "A Unit fong?istg? Materials at High Strain

Rates," Bxpt Méch., s,

50



172,

173.

174.

17s5.

176.

177.

178.

179.

180.

181.

182,

183.

l84.

185.

186.

Frasier, J.T. and Karpov, B.G., "The Transier.t Response of Wax

Targets Subjected to Hypervelocity Impacts," Bxpt Mech., 5, 305-
312 (1965).

Hickel, R.O., D.F. Johnson, and R.H. Kemp, "A Summary of the

Behavior of Materials at Cryogenic Temperatures," Metals Eng.
Qu&rt. y 3, 18"28 (1963) -

Gerard, G. and Papirno, R., "Dynamic Biaxial Stress-Strain
Characteristics of Aluminum and Mild Steel," Trans. A.S.M.,
49, 132-148 (1957).

Lindholm, U.S. and Yeakley, L.M., "A Dynamic Biaxial Testing
Machine," Expt. Mech., 7, 1-7 (1967).

Hopkins, H. . and Prager, W., "On the Dyramics of Plastic
Circular Plates," Z.A.M.P., 5, 317-330 (1954),

Wang, A.J. and Hopkins, H.G., "On the Plastic Deformation of
Built-In Circular Plates Under Impiulsive Load " J. Mech. Phys.
Solids, 3, 22-37 (1954).

Wang, A.J., "The Permanent Deflection of a Plastic Plate Under
Blast Loading," J. Appl. Mech., 22, 375-376 (1955)

Cox, A.D., and Morland, L. W., "Dynamic Plastic Deformations of
Simly-Supported Square Plates,” J. Mech. Phys. Solids, 7, 229-
241 (1959).

Ellington, L. and Ellington, D., "Large Deflections in Clamped
Circular Plates," Report No. TR 3109, Feltman Res. Labs., Picatinny
Arsenal, Dover, N.J., Sept. 1963.

Witmer, E.A., H. A.Balmer, J.W. Leech, »nd H.H. Pian, '"Large
Dynamic Deformations of Beams, Rings, Plates, and Shells," A.I.A.A.
J., 1, 1848-1857 (1963).

Witmer, E.A., E.N. Clark, and H. A. Balwer, "Experimental and
Theoretical Studies of Bxplosive-induced Large Dynamic and
Permanent Deformations of Simple Structures," Expt. Mech.,
56-66 (1967).

Florence, A.L. "Clamped Circular Rigid-Plastic Plates Under Blast
Loading", J. Appl. Mech., 33, 256-260 (1966).

Florence, A. L., "Clamped Circular Rigid-Plastic Plate Under
Central Blast Loading," Int. J. Solids Structures, 2, 319-335 (1566).

Sarkar, S.K., "Note on the Deflection of a Viscoelastic Retangularx
Plate Due to an Impulsive Load," J. Appl. Mech., 31, 708-710
(1964).

Duwez, P.E., D.S. Clark, and H. F. Bohnenblust, "The Behavior of
Long Beams Under Impact Loading," J.Appl. Mech., 17, 27-34 (1950),

51



Fas e LTRSS

l37.

188,

189,

190.

191.

192,

193,

194 -

196.

197.

199.

200.

Lee, E.H. and Symonds, P.S., "Large Plastic Deformations of

Heams Under Transverse Impact," J. Appl. Mech., 19, 308-314 (1952).

Parkes, E. W., "Thc¢ Permanent Deformation of a Cantilever Struck

{ransversely at its Tip," Proc. Roy. Soc. London, A, 228, 462-476
1955)

Ting, T.C.T., "The Plastic Deformation of a Cantilever Beam with
Strain-Rate Sensitivity Under Impulsive Loading," J. Appl. Mech.,
31, 38-42 (1964).

Bodner, S.R. and Symonds, P.S., "Experimental and Theoretical
Investigation of the Plastic Deformation of Cantilever Beams

Subjected to Impulsive Loading," J. Appl. Mech., 29, 719-727
(1962).

Karunes, B, and Onat, E.T., "On the Effect of Shear on Plastic

Deformation ot Beams uUnder Transverse Impact Loading," J. Appl.
Mech., 27, 107-110 (1960).

Symonds, P.S., "Viscoplastic Behavior in Response of Structures
to Dynamic Loading' in Reference 5.

Bakhshiyan, F.A., "On the Visco-Plastic Flow in a Plate Produce(
by Impact with a Cylinder," Prik. Mat. Mekh., 12, 47-52 (1948)
(in Russian).

Kochetkov, A.M., "On the Propacation of Elastic-Visco-Plastic
Shear Waves in Plates," Prik. Mat. Mekh., 14, 203-208 (1950)
(in Russian).

Cristescu, N., "Some Observations on the Propagation of Plastic

Waves in Plates'" in Plasticity, E. H. Lee and P.S. Symonds, eds.,
Pergamon Press, New York, 1960.

Scott, R.A. and Miklowitz, J., "Transient Compressional Waves
in an Infinite Elastic Plate with a Circular Cylindrical Cavity",
J. Appl. Mech., 4, 627-634 (1964).

Scott, R.A. and Miklowitz, J., "Transient Compressional Waves in
an Infinite Elastic Plate, Generated by a Time-Dependent Radial
Body Force," J. Appl. Mech., 32, 706-708 (196S).

Davids, N. and Lawhead, W., "Transient Analysis of Oblique Impact
on Plates," J. Mech. Phys. Solids, 13, 199-212 (1965).

Pytel, A. and Davids, N., "Further Transient Analysis of Stress
Wave Propagation in Plates,’ Proc. 4th Midwest Conf. Solid Mech.,
p. 358, 1959,

Davids, N, and Koenig, H.A. "Direct Analysis of the Flexural
Travelling Waves in Beams and Plates," E.M. Bulletin No 1, Penn.
State University, Sept. 1966,

52



20L. Miklowitz, J., "Flexural Stress in an Infinite Elastic Plate

Due to & Suddenly Applied Concentrated Transverse Load," J. Appl.
Mech., 27, 681-689 (1960).

202. Hopkinson, B,, "The Effects of the Detonation of Gun Cotton,"
Scientific Papers, Cambridge University Press, 1921,

z03. Broberg, K.B., "Studies of Scabbing of Solids Under Explosive
Attack', J. Appl. Mech., 22, 317 - 323 (1955).

204. Davids, N. and Kumar, S., "Stress Waves and Scabbing in Materials,"
Engr Res. Bulletin B-79, Penn. State University, Dec. 1959.

205. Herrmann, W., E. A, Witmer, J.H. Percy and A.H. Jones, "Stress
Wave Propagation and Spallation in Uniaxial Strain," Report No.
ASD-TDR-62-399 Wright-Patterson A,F.B., Ohio, Sep 1962.

206. Rinehart, J.S, "Fracturing by Spalling, "Wear, 7, 315-329 (1964).

207. Rinehart, J.S., "Cn Fractures Caused by Explosions and Impacts,"
Quart. Colorado School of Mines, 55, Oct 1960.

208. Itunter, S.C., "A Novel Phenomenon in the Theory of the Propagation
of Elastic Waves and a Possible Explanation of Spalling and Scabbing,"
A.R.D.E. Memorandum (MX) 5/59, For. Halstead, Kent, England, Feb. 1959.

209. Chou, P. C., "Perforation cf Plates by High-Speed Projectiles"
in Developments in Mechanic3, vol. 1, Plenum Press, New York, 1961.

210. Pytel, A. and Davids, N., "A Viscous Model for Plug Formation in
Plates," J. Franklin Inst., 276, 351-406 (1963).

211, Minnich, H. R. and Pavids, N., "Plug Fcvmation in Plates," Interim
Tech. Report No. 3, Army Contract iWo. DA-31-124-ARO(D)-67, Penn
tate University, Sept. 1964.

212. Thomson, R.G., "Aralysis of Hypervelocity Perforation of a Visco-
Plastic Solid Including the Effects of Target Material Yield
Strength," N.A.S.A. TR R-221, April 166°%.

213, Thomsor, W.T., "An Approximate Theory of Armor Penetraiion,”
J. Applo phys. ) ?6, 86-82 (1955).

214. Zaid, M. and Panl, B., "Mechanics of High Speed Pro jectile
Perforation," J. Franklin Inst., 264, 117-126 (1957;.

215. Paul, B. and zaid, M., "Normal Perforation of a Thin Pl.te by
Truncated Projectiles," J. Franklin Imst., 265, 317-335 (1758).

53



IR RSN

J17.

8,

223,

224,

225,

226.

227.

228,

229.

230.

Zaad, M. oand Paul, B., "Oblique Perferation of a Thin Plate by &

fruncated Conical Projectile, " J. Franklin Inst, 268, 24-45
(1959).

Recht, R.F. and Ipson, T. W., "Ballistic Perforation Dynamics,"
J. Appl. Mech., 30, 384-39C (1963).

Coldsmith, W., T. W. Liu and S. Chulay, "Plate Impact and
Perforation by Projectiles," Expt.Mech., 5, 385-404 (1965).

Krafft, J. M. "Surfact Friction in Ballistic Pernetration,"
J. Appl. Phys., 26, 1248-1253 (1955).

Mahtab, F. U., W. Johnson and R. A. C. Slater, "Dynamic Indentation
of Copper, an Aluminum Alloy and Mild Steel with Conical Projectiles
and Dynamic Tip Flattening of Conical Projectiles at Ambient
Temperature," Int. J. Mech., Sci., 7, 685-719 (1965).

Maiden, C. J., A. R. McMillan, and R. E. Sennett XII, "Thin Sheet
Impact,” N. A. S. A, CR-29". Sept 1965.

Riney, T. D. and Heyda, J, F., "Hypervelocity Impact Calculations
and their Correlation with Experiments.'" General Electric Space
Sciences Laboratory Report R64SD64, Sept. 1964,

Dillon, O. W. Jx., "Coupled Thermoplasticivy," J. Mech. Phys. Solids,
11, 21-33 (1963).

Dillon, O. W. Jr., "The Heat Generated During the Torsional

Oscillations of Copper Tubes," 1Int. J. Solids Structures,2, 181-
204 (1660).

Dillon, O. W. Jr., and Tauchert, T. R.. "The Bxperiuental Technique
for Observing the Temperutures due to the Coupled Thermoelastic
Effect," Int. J. Solids Structures, 2, 385-391 (1960).

Recht, R. F., "Catastrophic Thermoplastic Shear," J. Appl. Mech.,
31, 189-193 (1964).

Fine, A. D. and Kraus, H., "On Wave Propagation in Thermoplastic
"eaia," Jo Applo MeCh. y 33, 514-520 (1966) .

Gupta, B.P. and Davids, N., ‘"Penetration Bxperiments with Fiberglass-
reinforced Plastics," Bxpt. Mech., 6, 445-450 (1966).

McMillan, A. R., J. H. Diedrich, and N. Clough, Hypervelocity
Impacts into Stainless - Steel Tubes Armored with Reinforced
Beryllium," N-A.S.A. TN D-3512, Aug 1966.

Stepka, F. S., "Projectile - Impact - Induced Fracture of Liquid-
Filled, Filament Reinforced Plastic or Aluminum Tanks," N.A.S.A.
TN D-3456, June 1966.

54



238,

239,

240.

241,

242,

243,

thntt, . W, and Srcutman, L. J,., "Stress-Wave Propagation
in Composite Materials," Bxpt Mech., o, 383-384 (19¢6) .,

Piugkctt, K, and Wu, C, H., "Attenusition of Plane Waves in
ﬁcmxlflnite Composte Bar," J. Acoust. Soc. Amer., 37, 28-30
11965),

Zvolinskii, N. V. and Rykov, G. V., "Reflection and Refraction
of a Planc Plastic Wave at the Interface Betwcen Twn Half-Spaces,"
Prik. Math. Mekh., 29, 801-810 (1965).

Kinslow, R., "Stress Waves in Laminated Materiais,”" A.I.A.A,

Paper No. 67-140; sce also Hinslow, R., "Stress Waves in Composite
Laminates,” Report No. AEDC-TR-65-69, Arnold Air Force Station,
Tenn., June 1965,

Coskrepn, R, J. and Chu, C.C., "Investigation of the High Speed
Impact Behavior of Fibrous Materials,' Report No. AFML-TR-66-30,
Wright-Patterson A.F.B., Ohio, Jan. 1966.

Petterson, D.R., G. M, Stewart, F. A, Odell, and R: C. Maheux,
"Dynamic Distribution of Strain in Textile Materials Under High-
Speed Impact," Textile Res. J., 30, 411-421 (1960).

Abbott, B W, and Cornish, R, H., " A Stress-Wave Technique for
Determining the Tensile Strength of Brittle Materials," Expt.

Sedlacek, R., "Tensile Strength of Brittle Materials,” Report No.
AKFML-TR-65-129, Wright-Patterson A.F.B., Ohio, Aug, 1965.

Aggarwal, H. R., A. M, Soldate, J. F. Hook, and J.. Miklowitz,
"Bilinear Theories in Plasticity and an Application to Two-
Dimensional Wave Propagation," J. Appl. Mech., 31, 181-188 (1964).

Baron, M. L., C. E, Christian, and O. Skidan, "Particle-in-Cell
Method in Shock Propagation Problems,'" Proc. A.S.C.E., J. Eng.

Mech. Div., 92, 205-228 (196f%).

Davids, N. and Mehta, P., "Computer Analysis Methods in Dynamics
as Applied to Stress Waves and Spherxical Cavities," Engr., Res.
Bulletin B-92, Penn. State University, May 1965.

Mehta, P.K. and Davids, N., "A Direct Numerical Analysis Method
for Cylindrical and Sperical Elastic Waves," A.I.A.A. J., 4, 112-
117 (1966).

Riney, T. D., "Theoretical Hypervelocity Impact Calculations Using
the Picwick Code," General Electric Space Sciences Laboratory
Report R64SD13, Feb. 1964.



P2

™

wi

wilkins, M, .., "Calculation of Elastic~Plastic Flow" in
Methods in Computational Physics, vol. 3, Academic Precs.,
Hew York, 1964,

Ting, T. €. T. and Symonds, P, S., '"Impact on Rods of Ncn-
Linear Viscoplastic Material - Numerical and Approximate
Solutions," Tech. Report No, 3, Contract DA-19-020-AMC-0077(R),
Division of Engincering, Brown University, May 1966,

56



ST ANSTIFTRD

Secunty l‘luiﬂ.‘c;msu

! DOCUMENT CONTROL DATA - R&D T
i._ ___MM_(_"‘-‘\-'-" 6‘"'““‘:’)‘:‘1 ultitls Oty of adalrect ang idoming sowtetion must be enfered 1.5 en the ¢verell teputt 1a clenatlind)
é \j‘s.«.mnvmo ACVINET ¢ {Cgrpsrnte suthor) ;;—Ntvol' SECLMITY CLATMPFICATION
Strength and Dynamics Branch UNCLASSIFTEL
. M‘:‘t\\ln and Ceramics Division b emoum
My Force Materials Laboratory, WPAFB, Ohio
3 NTPOAT ViTLE
[t MECHANTCS OF BALL ISTIC IMPACT - A JURVEY
4 CESCRIPTIVE NOTES (Type of repoit and Inclusive dates)
8 AUTHOR(S) (Last name. Hret name, Initial)
Dr, Theodore Nicholas
S REPORY DATE Te. TOTAL NO. OF Andis 75. NO. OF REFS
July 1967 60 225 —
8o CONTARACY OR GRANT NO.

94 ORIGINATOR'S REPORYT NUMBER(S)

I RROJECT NO. 745] APML -TR-67-208
¢ TASK NO. 735106 95, Lu'g.goz."noa'r HO(S) (Any other numbers thet may n. Hesigned
d

10 AVAILASILITY. LIMITATION NOTICES Thijg document is subject to special export controls

and cach transmittal to foreign governments or foreign nationals may be made
only with prior approval of the Metals and Ceramics Division (MAM), Air

Patterson Air Force Base. Cnio 45433, |
11 SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

AFML (MAMD)
Wir Force Systems Command
right-Patterson AFB, Ohio 45433

13 ABSTRACT

An attempt has been made to gather under one cover and review the
results of a large number of publications pertinent to the field of
ballistic impact from a mechanics viewpoint. The major portion of the
paper is devoted to a survey of the response of materials to dynamic
loading. Structural response and other rclated problems are also discussed,

This abstract is subject to special export controls and each transmittaJ
to foreign governments cr foreign nationals may be made only with prior
approval of the Metals and Ceramics Division (MAM), Air Force Materials
Laboratory, Wright-Patterson Air Force Base, Ohio 45433.

DD ."2. 1473 UNCLASSIFIED

Security Classification




—————— e ———————

s g

Sec ity Classihic stiom

KE ¥ WORDS

L. OKIGINATING ACTIVITY. Easter the smme 2nd address
of the Comtracior subcomtractm. gemre. Deapartment of De-
lense activity o othr orgunization (vog wafe euthor) lasuing
e reporn.

2e. REPORT SECUNMTY CLASGIFICATION: Enter the oven
all secusily classificalion of the report. Ladicats whether
“Restricted DNata’ js included Warking is 1o be in acourt
aace wilh spproprisile sacuriny cegul st} e

26, GROUP. Awtometic downgrading & apecified in Dol: Di-
rective Y200, 10 aon' Armed Forces ladastrial Mamal. Entes
the group numbes. Also, when epplicibie, cbow that optiors}
maskings bure been used (or Group 3 end Group < ss sutha -
wed.

3, REPORT TTILE: Enter the coupleie repor: title io all
cepital tettern. Tides in all cases slculd Le uncisseiiiod
U » meaningful title capmot be gelccisd without clasailics
“won, soow LILEY CISESILICHA WA Au P2 Capn e, A0 p-‘ll‘.“;.
immedistely {ollowing the utle.
4. DESCRIPTIVE NOTES: If appropriste, euter the iype of
report, e.g . oterum, progyess, summaery, anmusl, or final,
Give the inclusive dates whan ¢ specific reporting pesiod is
covered.
S. AUTHUNK(SY REater the astame) of sniuns; se shown on
of in the roport, Ectm tast asene, 1arm name, muddle initial
If xilitery, thow rank ¢od iwench of services The name of
Lt PILOUIPEE aulivt ae M Sn e Wi miiimul soguircmen
6 REPORT DATZ. Eater the date of the report as day,
month, year, or momth, yeas. If mose thas one date wppeers
Of the report, use Jdate of publicstion

7s. TOTAL NUMBER OF PAGES: The tetal page covat
should follow normel paginatios procedwes, L e, eniey tivy
sumber of pages cuvataming lnfornaticn

76, NUMBER OF REFERENCES Eater the total ausdar of
relerences ciied in the report.

8s. CONTRACT OR GRANY NUMBER: If sppropriste, enter
the spolicable oumber of the contrac! v grast ander which
the report was writteo

b, 8, & 8d. PROJECT NUNBER: Enter the appropriste
|ilitary dopwtment idrotificition, such as prejoct musher.
sutprojeci oumber, sysien cumbers, tsak oamber, stc.

Ys. ORIGINATCR'S REPURT NUMBEM(S) Emer thw offi-
cial report mumber by which the document will be idess iled
and coatroilad by the ofigiasting activity. Thic sumber west
be unique to this repost.

So. OTHER REFORT NUMBERI(S): I ‘he rzpost has baes
assigaed any otaer report pumbers (either by the originstor
or by the spoasor), aiec eule. this sumber(s)

10. AVAILARWITY/LIMITATION HOTICER Ester apy liss
itations on (wiher dissemmation of the report, other hes tisoney

INSTRUCTIONS

inporad by sccarily classification, using sterdard stetements
as
(1) “"Qualilied requeniers mey oblaio copiee of this
report rum DDC."’

{(2) *"Foreign annourcoment and dissemuaatiop of this
report by DDC 18 oot outhorized **

(3) **U. & Governmeni ageacies way obtain copies of
this report directly from DDC. Othas qualifiad DDC
users shal) request through

(4) “'U. & militery ageocies muy oblaun copies of this
saport directly rom DDC. Otbas quslified users
ahall request through

{33 AN Lsuibatics of thle renort 14 copte]ted. Qual.
Uised DDC ueers shell request thruugh

If the report has bewn furniahed 10 the Office of Technical

Sarvices, Depotment of Commerce, for sale to the public, tndi-

cate this fact end entor the price, if roown

1L SUFPLEMENTARY NOTES: Use for additional expians
tory noies

12 SPONBU. 1nG MILITARY ACTIVITY: Emes the name of

s Spictrania! project offics or laborstory spogroricg (ray
ing for) thee v ch end davalop loclude address.

13. ABSTRACT: Eater sd sbetmct giving o briefl and fectual
sumnsry of the document indicstive of the report, eveo though
it may also appoa: elacwhere io the body of the techrical re-

port. If additious! space is requisred, s cont:nustion sheet shall

be attached.

It 15 baghly geswsple that the abatract of classified reporis
be anclassiied. Esch parmgreph of the sbetract shall end with

a8 indicstion of the ailitary secursity classification of the in-

formatior \n (be fwregpeph, represeated as (T§). (S). (C). or (U)

There (3 00 Lmitation ca the keug™ of the abstract How-
evre, the suggesied leagth is from 150 15 22S words.

14. AZY WORDS: Key words asx icchnicslly meaniagful termo

or sbort phreses thet charecterize s report and may be usnd as
indes votriea for cateloging the repevt  Key words must be

selectod 80 thet ao socunty classification i1s requited. Identi-
fiers, such as equipment wude! devigneticn, trade name, militery

project code aame, grogmpbic location, may be used as Eey
words but will be (ollowed by ao iodicsuion of technical con-
text. The sssignment of Liaks, ruics, and weights 13 optiocai.

RN T b Sumarm et et

Security Classificatico




